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Abstract 
 
This study investigated the incidence and characterisation of mycoviruses in a range of 
different fungi including Phytophthora spp. Phlebiopsis gigantea and Aspergillus fumigatus 
and their effects on their hosts.  The investigation developed methodology for rapid 
molecular characterisation of dsRNA elements from different fungi which were applied in 
detail to a range of isolates of A. fumigatus.  DsRNA elements or mycoviruses are present in 
almost all major classes of fungi where they lack an extracellular phase and are transmitted 
intracellulary via anastomosis or spores.  Mycoviruses can confer a range of phenotypes on 
their fungal hosts ranging from symptomless to debilitating and hypovirulence to 
hypervirulence.  In most cases most fungal mycovirus infections are symptomless and the 
effects of A. fumigatus mycoviruses on fitness and growth of infected isolates were also 
investigated. A screen of thirty nine clinical isolates of A. fumigatus, which is an opportunistic 
human pathogen and causes aspergillosis in immunocompromised patients, revealed the 
presence of dsRNA elements which were hitherto unknown. Two mycoviruses were 
identified including a chrysovirus (isolate A-56) and an unclassified, triripartite dsRNA-
containing mycovirus (isolate A-54). All four dsRNA segments of the A-56 chrysovirus were 
sequenced in their entirety using the methodologies developed earlier in the investigation 
and the sequences analysed and compared to other members of the family Chrysoviridae 
and other characterised mycovirus families. Also the effects of the chrysovirus on the fitness 
of the host fungus were studied as was transfer of the purified chrysovirus to cured strains of 
A. fumigatus via protoplast fusion and direct transfection by different methods. It is intended 
to develop the use of dsRNA elements for gene silencing in A. fumigatus and towards this 
aim a full-length clone of the smallest A-56 dsRNA has been constructed and characterised 
and used to produce dsRNA transcripts for infection and amplification in the fungus.  
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1 Introduction 
1.1 General properties of viruses 
 
Viruses are small particles that cannot be seen with a light microscope and are so small that 
they can pass through bacterial filters. They lack a metabolism of their own and depend 
upon the host for their replication, but they encode proteins which are essential for their own 
replication. The DNA or RNA virus genome is often, but not always, necessarily protected by 
a protein coat (Van Diepeningen et al., 2008). Viruses are classified according to features 
such as, relatedness of genome sequence (RNA, DNA, single stranded [ss] or double 
stranded [ds] etc.), natural host range (plant, animal or fungal), mode of transmission, 
antigenic properties of viral proteins and physicochemical properties of virions (molecular 
mass, pH, ionic stability) (Van Regenmortel, 2000). In this thesis I am investigating dsRNA 
mycoviruses. 
1.2 History and characteristics of dsRNA mycoviruses 
Mycoviruses have been found in all major groups of fungi (Buck, 1986). They were first 
isolated in the early 1960s from cultivated mushroom (Hollings, 1962). He observed the 
presence of three types of virus particles in diseased mushrooms and that was the first 
report of virus particles associated with a fungus and is regarded as the „birth of 
mycovirology‟ (Ghabrial and Suzuki, 2009). Since this initial observation there have been 
many reports on virus infection in fungi. In some cases, mycoviruses have been identified 
due to their effects on the host, which vary in all cases and may be caused by virus encoded 
products or by disturbance of host cell metabolism (Van Diepeningen et al., 2008). Normally 
the presence of mycoviruses is cryptic in nature, as their effect on the host is not easily 
visible. 
One of the interesting characteristics of mycoviruses is the presence of more than one virus 
in the host, simultaneously in some cases (mixed infection). In the case of Aspergillus 
foetidus isolate CBS 618.78, two virus infections can be seen, and one of the viruses is 
Aspergillus foetidus virus-slow (AfV-S) component, belonging to family Totiviridae and the 
other an unassigned mycovirus giving rise to a 6 banded dsRNA profile nominated AfV-fast 
(AfV-F) component (Buck and Ratti, 1975). The viruses were nominated fast and slow 
according to their electrophoretic mobility on agarose gels (this virus will be discussed in 
detail in Chapter 3 of this thesis). In one isolate of black Aspergillus spp., a dsRNA profile of 
1-8 elements was observed which clearly indicates that more than one mycovirus can be 
present in a single host (Varga et al., 2001, Van Diepeningen et al., 2006). Similar multiple 
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infections have also been observed in other fungi including Gremmeniella abietina 
(Tuomivirta and Hantula, 2005), Penicillium stoloniferum (Bozarth et al., 1971), 
Gaeumannomyces graminis (Buck et al., 1981), Fusarium graminearum (Chu et al., 2004), 
Chalara elegans (Park et al., 2005) and Agaricus bisporus (Rao et al., 2007). 
Over 90 mycoviruses have been identified thus far by the International Committee on 
Taxonomy of Viruses (ICTV). Most of the viruses which are completely characterised at the 
molecular level infect plants and animals and relatively few mycoviruses have been 
characterised for comparison, compounding a lack of understanding of their replication 
(Pearson et al., 2009). Typically, fungal viruses consist of isometric particles with a 
diameter of 25-50 nm (Ghabrial, 1998). As far as host range of these viruses is concerned 
they are not only present in all four major phyla of true fungi viz. Chytridiomycota, 
Zygomycota, Ascomycota and Basidiomycota but also in plant pathogenic oomycetes e.g. 
Phytophthora. The incidence of dsRNA elements in many phytopathogenic fungi may vary 
and it can be as high as 80% (Ghabrial and Suzuki, 2009). 
1.3 Transmission and origin of dsRNA mycoviruses 
Mycoviruses lack an extracellular mode of transmission therefore they are transmitted 
horizontally via anastomosis, heterokaryosis or vertically by sporulation. Vertical 
transmission via fungal spores, whether sexual or asexual, is the primary mode of 
transmission in mycoviruses although the rates may vary depending upon the virus/fungus 
combination and type of spores i.e. sexual or asexual. It has been concluded by some 
authors that virus transmission through sexual spores is less efficient than asexual 
transmission (Varga et al., 2003) and ca.10% incidence of dsRNA viruses in 668 Aspergillus 
isolates (Van Diepeningen et al., 2006) and the 72% incidence for Botrytis cineria (Howitt et 
al., 1995) support this hypothesis but other results are contradictory. For instance in the case 
of Monilinia fructicola, a fungus which commonly produces a sexual stage, 74% of the 
isolates examined contained dsRNA (Tsai et al., 2004) and there are other examples where 
sexual transmission of dsRNAs has been noted. For instance in F. graminearum 
transmission of dsRNAs through both types of spores (conidia and ascospores) showed 
100% incidence (Chu et al., 2004) and B. cinerea, where Botrytis virus X was detected in 35 
and 53% of the ascospore progeny (Tan et al., 2007). So it can be suggested that 
transmission of mycoviruses through asexual means is less efficient but not a rare event 
(Pearson et al., 2009).  
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Horizontal transmission by anastomosis is one of the major routes by which mycoviruses 
have been transmitted between different fungal strains (Suzuki et al., 2005; Xie et al., 2006). 
In anastomosis hyphae from different fungi fuse together resulting in cytoplasmic and genetic 
transfer and since mycoviruses are present in the cytoplasm they are also transmitted 
(Fig.1.1b). Anastomosis, to be successful, depends upon the two fungi being compatible i.e. 
in the same vegetative compatibility group (VCG). In ascomycete fungi, this process is under 
the influence of vic (vegetative incompatibility) or het (heterokaryon incompatibility) loci 
(Glass and Dementhon, 2006; Saupe, 2000). The presence of VCGs acts as a natural 
barrier between the transmission of two vegetatively incompatible fungi by initiating an 
incompatibility reaction in which fusion cells are isolated by septal plugging resulting in the 
organelle degeneration and DNA fragmentation (Glass and Kaneko, 2003). Lhoas (1970) 
was the first person to demonstrate the transmission of virus like particles (VLPs) in A. niger 
to a strain which was previously virus-free.  
There are many reports of plant viruses infecting multiple host species, often from different 
genera or families. Conversely its appears difficult for mycoviruses to infect different hosts as 
an absence of mechanical and vector transmission is an obstacle but nevertheless there are 
reports of horizontal transmission of mycoviruses between different species (Pearson et al., 
2009). Same variants of Cryphonectria hypovirus 1 (CHV1) were observed by Liu et al., 
(2003) in different fungal species of Cryphonectria, clearly indicating horizontal virus 
transmission. Also, similar mycoviruses have been detected in different taxa of both 
Figure 1.1 a) Important families of dsRNA viruses along with their structures; b) Means of 
transmission used by viruses (Adapted from Nuss, [2005]) 
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ascomycetes and basidiomycetes (Ikeda et al., 2005). The potential of mycovirus 
transmission between different species of Fusarium. poae and black Aspergillus spp. via 
protoplast fusion was also demonstrated by Van Diepeningen et al. (2006).  
Transfer of mycoviruses from one isolate to another via protoplast fusion has been 
demonstrated (Buck, 1986; Varga et al., 1994). Attempts have been made to transfer dsRNA 
viruses between A. niger, A. tubingensis, A. oryzae and A. nidulans, and even between F.  
poae and A. niger (Liang and Chen, 1987; Van Diepeningen et al., 1998, 2000; Varga et al., 
1994) using this technique and it was sucessfully acheived in A. niger and A. nidulans. 
Protoplast fusion can bypass the barrier formed by the het-genes and is the most efficient 
method of transfer rather than co-cultivation of incompatible strains or species. (Coenen et 
al., 1997; Van Diepeningen et al., 1998, 2000). 
Infection of fungal hyphae or protoplasts with purified mycovirus particles has only been 
reported occasionally. It has been reported in yeast (El-Sherbeni and Bostian, 1987), G. 
graminis (Stanway and Buck, 1984), for CHV-1 (Sasaki et al., 2002), and for C. parasitica 
and Rosellinia necatrix mycoreoviruses (Hillman and Suzuki, 2004; Sasaki et al., 2007 
respectively). Partitivirus VLPs have also been successfully transfected to R. necatrix 
protoplasts (Sasaki et al., 2006). 
1.3.1 Origin of dsRNA mycoviruses 
There are two main hypotheses which have been proposed to explain the origin of 
mycoviruses, the ancient co-evolution hypothesis and the plant virus hypothesis. According 
to first hypothesis, viruses have co-evolved along with their host and the infections are 
ancient from an unknown source. The plant virus hypothesis suggests that at least in case of 
plant pathogenic fungi the virus has moved recently from the host plant to the fungus 
(Ghabrial, 1998). 
Mycoviral transmission has limitations due to lack of an extracellular phase of the life cycle, 
the absence of a vector and limitations in fungal compatibility. Specific mycoviruses may 
therefore have been associated with a fungal host for long periods of time, suggesting the 
virus has co-evolved with the host (Buck, 1998). If mycoviruses were present in the 
ancestors of their present fungal hosts and have evolved with them, it can be proposed that 
there may have been mutual influences between the host fungus and mycovirus over this 
period (Voth et al., 2006). According to the co-evolution hypothesis the evolutionary pattern 
of mycovirus would be expected to follow those of their hosts (Varga et al., 2003). In the 
case of the Reoviridae, one of the largest families of dsRNA viruses, which have a diverse 
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host range, the majority of which are animal viruses but they also contain three plant virus 
genera and a single fungal genus, Mycoreovirus. 
Conversely, mycoreoviruses show a low level of similarity to homologous sequences of the 
closest genus, the mammalian coltiviruses (Hillman et al., 2004; Suzuki et al., 2004; Wei et 
al., 2003). There are many examples which support the co-evolution hypothesis. e. g. for the 
replication of killer viruses in Saccharomyces cerevisiae, large numbers of host 
chromosomal genes are needed (Wickner, 1996). Similarly, mitochondrial mycoviruses use 
mitochondrial genetic translation codes (Park et al., 2006). Likewise Helminthosporium 
victoriae virus 190S, a member of the family Totiviridae, uses host-encoded enzymes to 
process its coat protein (CP). Symptomless phenotypes, characteristic of many mycovirus 
infections, also suggest long periods of co-evolution (Pearson et al., 2009). 
A second hypothesis suggests that mycoviruses and their fungal hosts may have evolved 
separately. This hypothesis is supported by examining sequence similarities between 
mycoviruses and plant viruses as exemplified with four C. parasitica mycoviruses in the 
genus Hypovirus which are phylogenetic related to several species of the ssRNA genus 
Potyvirus (Fauquet et al., 2005; Linder-Basso et al., 2005). Similarly the RNA dependent 
RNA polymerase (RdRP) gene sequence from a F. graminearum dsRNA mycovirus was 
closely related phylogenetically not only to CHV1, Cryphonectria hypovirus 2 (CHV2) and  C. 
hypovirus 3 (CHV3) but also to Barley yellow mosaic potyvirus (Chu et al., 2002; Linder-
Basso et al., 2005). It was also pointed by Xie et al., (2006) that several ssRNA mycoviruses 
associated with debilitation/hypovirulence traits are phylogenetically much closer to positive 
strand RNA plant viruses than to the typically avirulent dsRNA mycoviruses.   
1.4 Significance of dsRNA viruses 
Mycoviruses can confer a range of phenotypes on their fungal hosts ranging from 
symptomless to debilitating and hypovirulence to hypervirulence. In most cases symptomless 
infections are observed in mycoviruses and their hosts (Buck, 1998). However, it is worth 
noting that the virus might induce symptoms in the host under different sets of environmental 
conditions or if there are no obvious effects there might be some effect on the growth of the 
host. Some of the effects which viruses confer on their host are described below. 
1.4.1 Symptomless or cryptic infections 
In most cases mycovirus infections in fungal hosts are symptomless. Indeed the widespread 
nature of mycoviruses with no obvious impact on their hosts is common (Pearson et al., 
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2009). However it is feasible that mycovirus infection could be symptomless with no ensuant 
visible phenotypic effects but still elicit alterations and, for instance, cause differences in 
growth rates. This was proven by Van Diepeningen et al. (2006), when small, but significant 
differences in growth rate, spore production and competitive ability were observed when 
isogenic, infected and uninfected lines of Aspergillus spp. were compared. Consequently, 
the term cryptic is favoured, implying that symptoms can be expressed under different 
conditions (Pearson et al., 2009).  
1.4.2 Beneficial interactions 
In contrast to hypovirulent interactions, there are examples of beneficial effects caused by 
mycovirus infections. Killer strains of fungi contain dsRNA elements that encode 
proteinaceous toxins to which the host is immune, but are lethal to strains that do not 
produce toxin. These viruses give an advantage to the host by eliminating competitors living 
in the same ecological niche (Patricia et al., 1999). In Nectria radicicola a 6 kbp dsRNA up-
regulates virulence through perturbing signal transduction pathways (Ahn and Lee, 2001). 
Marquez et al., (2007) have described a three way symbiosis between a mycovirus, the 
endophytic fungus (Curvularia protuberata), and panic grass (Dichanthelium lanuginosum) in 
which the fungus and the plant can tolerate high temperature because of infection by a 
dsRNA virus, Curvularia thermal tolerance virus (CThTV). Significant differences in in vitro 
growth rates were observed in Botrytis virus X infected and uninfected cultures, where 
infected cultures grow more rapidly than uninfected ones (Tan et al., 2007). 
1.4.3 Debilitating effects and hypovirulence 
Dutch elm disease is caused by a fungus Ophiostoma novo-ulmi. Different dsRNAs are 
found to be associated with this fungus. The dsRNA is present in the mitochondria of the 
host and acts to decrease the activity of mitochondrial cytochrome c oxidase, which in turn 
results in respiratory deficiency of the fungus; thus the fungus is debilitated and unable to 
infect elm trees (Patricia et al., 1999). There are other examples in which negative effects of 
mycoviruses can be observed on fungi e.g. in case of the plant pathogenic fungus Diaporthe 
perjuncta, decreased growth rate and lack of sporulation can be observed when the fungus 
is infected by Diaporthe RNA virus (Moleleki et al., 2003). Similarly, reduction in virulence 
can be seen in Helicobasidium mompa infected by the totivirus HmTV1-17 (Sasaki et al., 
2005) while Heterobasidion annosum infected with a dsRNA mycovirus showed reduced 
germination of basidiospores (Ihrmark et al., 2004).  
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In some cases virus infection results in yield losses in commercial mushroom production. For 
instance in the oyster mushroom Pleurotus florida, reduced growth results in a 30% 
reduction in fruit body yield, and increases in growth abnormalities were observed, when 
virus-infected and uninfected strains were compared (Go et al., 1992). Similarly, a 50% yield 
loss was observed due to the presence of mycovirus infection in P. pulmonarius (Rickner et 
al., 1993). Ro et al. (2007) reported severe epidemic symptoms caused by mycovirus 
infection in P. eyngii, which results in the outer layer of the white button mushroom being 
pigmented brown instead of white thus rendering the harvest unsaleable. 
It has been reported that dsRNA infection can reduce the virulence of plant pathogenic fungi. 
The best example of hypovirulence is in chestnut blight disease caused by the fungus C. 
parasitica, where a virulent fungus strain enters the tree at a wound site and forms a mycelial 
fan that grows through the inner bark destroying the phloem and cambium. Infected strains 
of fungus containing CHV-1 can colonize wound sites and are unable to penetrate bark 
efficiently resulting in superficial non-girdling canker (Patricia et al., 2001). CHV-I does not 
cause general debilitation, but it does perturb fungal development e.g. sexual reproduction 
and sexual sporulation are affected which results in the loss of virulence (Patricia et al., 
1999). 
Mitovirus infection of O. novo-ulmi (Doherty et al., 2006) and B. cinerea (Wu et al., 2007) 
have also been shown to confer hypovirulent phenotypes on the host fungi and Castro et al. 
(2003) also reported the hypovirulence conferring dsRNA mycovirus in B. cinerea results  in 
reduced sporulation and laccase activity.  
1.4.4 Effect of mycoviruses on Aspergilli 
 
Elias and Cotty (1996) found no effects of virus infection on mycotoxin production in 
Aspergillus section flavi. Similarly, no effects of mycovirus infection were found in A. nidulans 
(Coenen et al., 1997). In contrast to these observations, Varga et al. (1994) noted that when 
A. niger strains were cured of dsRNA infection  concomitant with the  loss of VLPs was an 
alteration in phenotype from „arginine/proline leaky‟ to prototrophy. Similar results were 
observed by Van Diepeningen et al. (2006) where one A. niger mycovirus infected strain 
elicited clear visible effects on its host which produced non-sporulating sectors. It was also 
observed that mycovirus infections in both A. niger and A. tubigensis had no detrimental 
effects on mycelial growth and spore production as compared to uninfected strains when 
examined under different growth conditions.  
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1.4.5 Curing fungi of dsRNA infection  
 
In order to elucidate the effect of dsRNA viruses on fungal hosts it is important to compare 
infected fungi directly with uninfected types in the same genetic background. For instance 
Punja (1994) reported enhanced plant pathogenicity of C. elegans of partially cured strains 
as compared to wild type strains containing multiple dsRNA elements.  Several methods of 
curing fungi of dsRNA infection have been illustrated including exposure to UV light (Treton 
et al., 1987), exposure to high temperature (Golubev et al., 2003) and treatment with a range 
of different chemicals e.g. acridine orange (Cansado et al., 1989), emetine (Ahn and Lee, 
2001) and cycloheximide (Dalzoto et al., 2006; Elias and Coty, 1996; Robinson and Deacon, 
2002; Yamada, 1991) all of which have been used in this context. Curing and reducing 
dsRNA levels in infected fungi (completely or partially) by cycloheximide treatment, which 
blocks translational initiation and elongation during protein synthesis is the most efficient and 
successful method used thus far. For instance Dalzoto et al. (2006) reported that treatment 
with cycloheximide efficiently generated dsRNA-free colonies from the CG25 strain of 
Beauveria bassiana, an important biocontrol agent. Similarly Elias and Coty, (1996) were 
successful in curing 40 % of dsRNA isolates in Aspergillus section flavi by cycloheximide 
treatment and Yamada et al. (1991) were unable to detect one of the three dsRNA elements 
present in the plant pathogenic fungus Mycospharella pinodes following treatment with 
cycloheximide. However cycloheximide treatment is not always completely successful and 
Robinson and Deacon, (2002) were unable to completely cure Rhizoctonia solani AG-3 of 
mycovirus infection comprising several dsRNA elements 1.0 to 12.5 kbp in size. Whilst the 
smaller segments were cured after cycloheximide treatment the larger segments 9.0 to12.5 
kbp were always retained. 
 
Until recently, the only method used to assess the efficiency of curing fungi of mycovirus 
infection was extracting dsRNA from cured and uncured fungal samples and examining the 
extracts following gel electrophoresis and ethidium bromide staining. However the levels of  
dsRNA present in any one particular sample might be below the detection levels of the 
staining procedure and a more sensitive assay such as Reverse Transcription Polymerase 
Chain Reaction (RT-PCR) amplification using virus-specific primers to check for the 
presence and absence of virus should be used (see Chapter 5 for details). 
 
The sensitivity of such assays has been illustrated previously by Park et al. (2006), who 
studied the efficiency of curing C. elegans from infection with Chalara elegans mitovirus 
(CeMV).  Attempts were made to cure the fungus from CeMV infection following sequential 
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mycelial transfer and heat curing by incubation at 35-37oC. The treatment was apparently 
successful in eliminating the CeMV 2.8 kbp mitovirus dsRNA element as judged by dsRNA 
extraction, gel electrophoresis and staining followed by northern blot hybridisation analysis. 
However, when RT-PCR amplification was performed and the RT-PCR amplicons 
sequenced, the mitovirus was adjudged to be present in both cured and uncured mycelia.  
1.5 Replication and gene expression strategy of dsRNA viruses 
 
Limited information is available on the replication of dsRNA viruses and it is thought that the 
majority of dsRNA viruses replicate using a conservative (genus Chrysovirus) or semi-
conservative (genus Partitivirus) mechanism, and the available information on the replication 
of important families of dsRNA is discussed in the description of mycovirus families (section, 
1.7.1-1.7.6). Based on very little information it can be presumed that dsRNA replicates as 
discussed below and as shown schematically in Fig.1.2.  
Genomes replication of dsRNA viruses occur in a subviral particle called cores which have 
an intact viral capsid that encloses the viral genome and RdRP molecules. Core particle is 
activated in the cytoplasm leading to the synthesis of ss-RNA transcripts which encode the 
proteins that assemble as the core particle. These particles, in turn, encapsidate the 
synthesised ssRNAs which are then replicated inside the particle to generate the dsRNA 
genome. RdRP serves as both transcriptase and replicase during the life cycle of dsRNA 
(Bamford, 2003).  
 
Figure 1.2 Schematic representation showing various stages in the replication cycle of 
dsRNA viruses 
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1.6 Mycoviruses as biocontrol agents 
Fungal pathogens are a major source of plant disease. They are controlled mainly by the use 
of fungicides which has resulted in the development of fungicide-resistant strains and, most 
importantly, potential hazardous effects to the environment and humans. Various 
approaches have been used to control these diseases but few have been successful and 
mycoviruses have the potential to be used as biocontrol agents. The potential of a dsRNA 
virus as a biocontrol control agent for chestnut blight was first demonstrated by Choi and 
Nuss (1992) following construction of a full length complementary DNA (cDNA) copy of 
hypovirulence-associated viral RNA and transformation into the virulent strain of the fungus 
which converted the compatible, virulent strain to a hypovirulent strain. The CHV-1 cDNA 
was successfully used to control chestnut fungus in Europe but failed to control the disease 
in North America because the fungus showed greater genetic diversity with multiple VCGs 
limiting the spread of the virus (Nuss, 1992). As hyphal interaction is the only means of 
transmission of these viruses, it causes limitations for the successful transmission of CHV-1, 
although it has shown that the dsRNA element greatly reduced virulence.  
The development of cDNA infectious clones for transformation (Choi and Nuss, 1992) and 
other transformation techniques has allowed comparative studies of genetically identical, 
virus infected and uninfected cultures (Xie et al., 2006), and experimentation to extend the 
host range of mycoviruses (Chen et al., 1994), without the obstacles of vegetative 
incompatibility.  
1.7 Taxonomy of dsRNA mycoviruses 
The ICTV is the body which governs the nomenclature of viruses in hierarchal classification 
including species, genera and families (Fauquet et al., 2005). According to the eighth ICTV 
report there are more than 90 mycovirus species in 10 viral families and one fifth of them are 
unassigned to a genus or even to a family. The majority of the assigned species are 
isometric but other morphologies such as rigid rods, flexuous rods and club-shaped particles 
can also been seen (Pearson et al., 2009). One of the limiting factors in assigning these 
viruses to well established virus groups is the paucity of nucleic acid sequence data. 
Additionally, unencapsidated dsRNAs have also been reported in fungi, they are believed to 
be viral in nature, but before assigning those to a particular group more sequence data is 
required. According to ICTV convention the names of confirmed species assigned to a genus 
are written in italics while all other tentative species are written in normal text. 
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One of the significant developments in the nomenclature of mycoviruses has been the 
discovery of significant number of ssRNA mycoviruses. At the time of seventh ICTV report 
(Van Regenmortel et al., 2000), there were only two reported ssRNA mycoviruses viz. 
Mushroom bacilliform virus (MBV) in Agaricus bisporus (Revill et al., 1999; Tavantzis et al., 
1980) and Sclerophthora macrospora virus B (SmVB) from Sclerophthora macrospora (Yokoi 
et al., 1999). Now in the eighth ICTV report (Fauquet et al., 2005) the number of ssRNA 
containing mycoviruses has risen to 28 and now includes the filamentous Sclerotinia 
sclerotiorum debilitation-associated RNA virus (Xie et al., 2006) and P. eryngii (Ro et al., 
2007), which is an isometric virus. 
A noteable change in the eighth ICTV report is the establishment of a new family the 
Chrysoviridae, to accommodate all mycoviruses possessing four dsRNA elements in the 
genus Chrysovirus. The type species of the family Chrysoviridae is Penicillium chrysogenum 
virus (PcV) whose characterisation (Jiang and Ghabrial, 2004) lead to creation of the family 
(Pearson et al., 2009). The ICTV recognises six separate families of dsRNA viruses 
(Fig.1.1a). Some of these families include important viruses in medicine, veterinary studies 
and agriculture e. g. veterinery important dsRNA viruses including Bluetongue virus which is 
present in southern Europe. The Reoviridae, which contains 11 genera, 1 proposed genus 
and several unassigned species, represents the largest family (Mertens et al., 2005a). The 
salient features/description of all dsRNA families are given below in alphabetic order and 
families of interest are discussed in detail.  
1.7.1 Chrysoviridae  
Members of the family Chrysoviridae are known to infect a range of different fungi and 
contain four linear dsRNA elements ranging in size from 2.8 to 3.6 kbp (Fig. 1.3). The virions 
are 35-40 nm in diameter are icosahedral in form and are non-enveloped. Virions are 
arranged in a T=1 lattice formation containing 60 protein subunits (Caston et al., 2003). This 
T=1 capsid is built with the structural protein of 110 kDa. Sequences in the 5‟- and 3‟-
untranslated regions (UTRs) are highly conserved among the four dsRNA elements. The 
species in this genus can be differentiated according to host range, size of dsRNA elements 
and by serological relationships (Ghabrial et al., 2005a). 
PcV, the type species of the Chrysoviridae has been studied comprehensively at the 
biochemical, biophysical, and ultrasructural levels which has revealed that the virions are 35-
40 nm in diameter, have an icosahedral shape and are non-enveloped. Two related viruses, 
P. brevicompactum virus (PbV) and P. cyaneo-fulvum virus (Pc-fV) have similar 
characteristics to PcV and initial confusion as to whether their genomes contained three or 
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four dsRNA elements has now been resolved (see below) and both are considered bona fide 
tentative members of the family Chrysoviridae.  
The four dsRNA segments have sizes ranging from 2902-3562 bp. PcV dsRNA-1 is 3562 bp 
in length and encodes a protein of 128,548 Da which has motifs characteristic of eukaryotic 
RdRPs. PcV dsRNA-2 is 3200 bp in size and encodes the 108,806 Da CP. PcV dsRNA-3 is 
2976 bp in length and encodes a putative protein of 101,458 Da and PcV dsRNA-4 is 2902 
bp in length and encodes a putative protein of 94,900 Da. The functions of the putative 
products of dsRNA-3 and dsRNA-4 are unknown. Sequences in the 5‟- and 3‟- UTRs are 
highly conserved among the four dsRNA segments and except for Cherry chlorotic rusty spot 
associated chrysovirus (CCRSACV) and Amasya cherry disease associated chrysovirus 
(ACDAVC), all viruses have long 5‟-UTRs ranging between 140-400 nucleotides in length 
(Ghabrial, 2008a). There is little known about the replication mechanism of chrysoviruses but 
it appears that the virus-associated RdRP catalyses in vitro end-to-end transcription of each 
segment to produce mRNA by a conservative mechanism (Ghabrial., 2008a). 
   
Figure 1.3 Genome organisation of Penicillium chrysogenum virus (PcV), type species of 
genus Chrysovirus showing all four dsRNA segments (Adapted from Ghabrial et al., [2005a] 
and not drawn to scale) 
Chrysoviruses are vertically transmitted within the cell during the process of cell division and 
sporogenesis and by hyphal anastomosis between compatible fungal strains (horizontal 
transmission) with no natural vectors.  All known chrysoviruses are unique in the sense that 
they are often found in mixed infections with other mycoviruses and are often also 
associated with alterations in the host phenotype. For instance the H. victoriae 145S 
chrysovirus (Hv145SV) is present in a mixed infection with the H. victoriae 190S totivirus 
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(Hv190SV) in the plant pathogenic fungus H. victoriae and is also associated with a 
debilitating disease. Similarly both ACDACV and CCRSACV are linked with two cherry 
diseases (Ghabrial, 2008a). 
The complete genomic sequences of two confirmed and three tentative chrysovirus species 
have been reported; viz. Hv145SV, PcV (Ghabrial et al., 2005a) as confirmed species and 
Agaricus bisporus virus 1 (Ghabrial et al., 2005a) together with ACDACV and CCRSACV 
(Covelli et al., 2004) as tentative species (Table 1.1). Determination of these sequences has 
facilitated a phylogenetic analysis of the genus which reveals that that chrysoviruses are 
closely related to, but not members of, theTotiviridae and Partitiviridae families. The family 
Chrysoviridae also contains tentative members PbV and Pc-fV both uncharacterised at the 
sequence level, and the recently sequenced Cryphonectria nitschkei chrysovirus 1 (Kim et 
al., 2009) and F. oxysporum chrysovirus 1 (Sharzei et al., 2007).  
The virion associated RdRP catalyzes in vitro end-to-end transcription of each dsRNA to 
produce mRNA by a conservative mechanism. Purified virions containing both ssRNA and 
dsRNA have been isolated from Penicillium spp. Infected with PcV, which may be replication 
intermediates (Ghabrial, 2008a). 
Table 1.1 List of recognised and tentative members in the family Chrysoviridae, length of 
their genomes, size of encoded gene products, GenBank accession numbers of their 
genomic sequence and the publication date are shown (Modified from Ghabrial, 2008a). 
Virus/ 
Abbreviation 
Encoded protein 
Size in bp/size 
in kDa 
GeneBank 
accession 
no. 
References 
Helminthosporium 
victoriae 145S virus 
(Hv145SV) 
RdRP 
CP 
Chryso-P4 
Chryso-P3 
3612/125 
1334/100 
2972/93 
2763/81 
NC_005978 
NC_005979 
NC_005980 
NC_005981 
Soldevila et 
al., 2000 
Penicillium 
chrysogenum virus 
(PcV) 
RdRP 
CP 
Chryso-P3 
Chryso-P4 
3562/129 
3200/109 
2976/101 
2902/95 
NC_007539 
NC_007540 
NC_007541 
NC_007542 
 
Jiang and 
Ghabrial, 
2004 
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Alternaria. alternata 
virus-1 (AaV-1). 
RdRP 
AltMyV_sM1gp1 
3567/ 
2794/ 
2576/ 
1420/ 
AB368492 
AB438027 
AB438028 
AB438029 
Aoki et al., 
2009 
Amasya cherry 
disease associated 
chrysovirus 
(ACDACV 1) 
RdRP 
CP 
Chryso-P4 
Chryso-P3 
3399/124 
3128/112 
2833/98 
2498/77 
AJ781166 
AJ781165 
AJ781164 
AJ781163 
Covelli et al., 
2004 
Cherry chlorotic 
rusty spot 
associated 
Chrysovirus 
(CCRSACV 1) 
RdRP 
CP 
Chryso-P4 
Chryso-P3 
3399/124 
3125/112 
2833/98 
2499/77 
AJ781397 
AJ781398 
AJ781399 
AJ781400 
Covelli et al., 
2004 
 
Agaricus bisporus 
virus 1 (ABV1) L1 
RdRP 3396 X94361 
Van der 
Lende et 
al.,1996 
Agaricus bisporus 
virus 1 (ABV1) L5 
RdRP 2455 X94362 
Van der 
Lende et 
al.,1996 
Fusarium 
oxysporum 
chrysovirus 1 
RdRP 
CP 
Protein3 
2574/Partially 
characterised 
648/Partially 
characterised 
994/Partially 
Characterised 
EF15236 
EF15237 
EF152348 
 
 
Sharzei et 
al., 
2007 
Cryphonectria 
nitschkei 
chrysovirus 1 
RdRP 
CP 
Partial 
characterisation 
DQ865185 
DQ865187 
Kim et al., 
2009 
1.7.2 Hypoviridae  
The natural host of the Hypoviridae are Ascotmycota. Hypoviridae vesicles do not contain 
any detectible viral structural proteins and the 9 to13 kbp dsRNA genomes are located inside 
fungal vesicular structures measuring 50-80 nm in diameter (Nuss et al., 2005). The family 
Hypoviridae contains a single genus Hypovirus which includes four species designated CHV-
1, -2, -3 and -4 (Nuss, 2008). 
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The hypoviruses can be divided into two groups based on their genomic organisation. One 
group includes CHV1 and CHV2 with their genome resides in two open reading frames 
(ORFs), and the remaining two members CHV3 and CHV4 are in a second group whose 
genome resides in a single ORF (Fig. 1.4).  
 
Figure 1.4 Genome organization of two members of the family Hypoviridae, Cryphonectria 
hypovirus 2 (CHV-2) and CHV-3 (Adapted from Nuss et al. (2005) and not drawn to scale) 
Hypoviruses do not exhibit any extracellular phase in their life cycle and infection cannot be 
initiated by inoculation with an infected cell. These viruses can only therefore be transmitted 
by anastomosis between vegetatively compatible strains or to less extent in asexual spores 
(conidia) (Nuss, 2008). 
In members of the families Hypoviridae and Endornaviridae, both of which have positive 
strand RNA genomes replication may occur in infection-specific, lipid-membranous vesicles 
containing both viral RdRP and RNA helicase. These vesicles are able to synthesise both 
plus and minus RNA in vitro in a ratio of 1:8 (Fahima et al., 1993). 
1.7.3 Narnaviridae 
Members of family Narnaviridae are positive ssRNA viruses with a genome 2.3-2.9 kbp in 
size encoding a single ORF, for an RdRP. There are two genera in the Narnaviridae, 
Narnavirus and Mitovirus.  As both ssRNA and dsRNA forms can be isolated from fungi, they 
can be regarded as either ssRNA or dsRNA viruses. The type member of the Narnavirus 
genus is the Saccharomyces narnavirus 20S RNA (SNV-20S) (Esteban and Fujimura, 2003).  
Mitovirus dsRNA genomes are unipartite, ranging in size from 2.3-2.7 kbp and infected fungi 
may contain more than a single mitovirus infection. Mitoviruses can be associated with the 
phenomenon reducing the virulence of their host fungus, hyporvirulence. Mitoviruses are 
found in different fungi like O. novo-ulmi and O. ulmi (causal organism of Dutch elm disease) 
and Sclerotinia homoecarpa, the causal agent of dollar spot of turf grass. Not all mitoviruses 
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cause hypovirulence and they can be transmitted to uninfected strains via anastamosis 
(Buck et al., 2005).  
Members of the genus Mitovirus encode only a single protein (RdRP), which may be 
associated with RNA to form RNA/RdRP complexes which are vital during RNA replication in 
mitochondria of the host (Polashock et al., 1994). 
1.7.4 Partitiviridae 
Members of the family Partitiviridae infect plants and fungi, the name is derived from the 
Latin word partitus, meaning divided, which refers to their segmented genomes. The two 
segments each have a single ORF with the larger segment coding for the RdRP and the 
smaller ORF encoding the CP (Fig. 1.5), the total genome is 3-10 kbp long and particles are 
non-enveloped and icosahedral with a diameter of between 30-35 nm (Ghabrial et al., 
2005b). The virion capsid consists of 120 protein subunits arranged in a T=2 lattice 
formation. The genome is packaged as a single nucleic acid species/viral capsid, thus in the 
host, two populations of viral particles are present.  
 
Figure 1.5 Genome organization of Atkinsonella hypoxylon virus (AhV-1), type species of the 
genus Partitivirus, showing RdRP and CP ORFs (Adapted from Ghabrial et al., 2005b and 
not drawn to scale) 
One of the interesting characteristics of the family Partitiviridae is the presence of one or 
more additional dsRNA segments (satellite dsRNA). For instance in Atkinsonella hypoxylon 
virus (AhV-I), the type species of the genus Partitivirus, a third dsRNA segment of 1790 bp is 
present. This segment is unrelated to the other two segments (2180 bp, encoding the RdRP) 
and (2135 bp, encoding the CP) with the exception of 3‟- and 5‟- terminal nucleotides. The 
absence of any long ORFs suggests that this segment is a satellite dsRNA (Ghabrial et al., 
2008). 
There are three Partitiviridae genera; Partitivirus e.g. AhV-1, Alphacryptovirus  e. g.  White 
clover cryptic virus 1 (WCCV-1), and Betacryptovirus e.g. White clover cryptic virus 2 
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(WCCV-2). Partitiviruses generally infect fungi whilst both Alphacryptoviruses and 
Betacryptoviruses infect plants. The viruses are relatively host specific and are generally 
seed-transmitted. Partitiviruses are also associated with the cherry chlorotic rusty spot and 
Amasya cherry diseases in association with other mycoviruses (Coutts et al., 2004). The 
Chrysoviridae were initially classified as a Partitiviridae genus but are now defined as a 
family in their own right (Ghabrial et al., 2005b).  
In vitro studies of virion-associated RdRP and the isolation from naturally infected mycelium 
of particles that represent various stages in the replication cycle, show that RdRP functions 
as both transcriptase and replicase. The transcriptase activity within the assembled virion 
catalyses the synthesis of new positive-strand RNA from the parental dsRNA template 
followed by the displacement and release of the parental positive-strand from the virion. 
Multiple positive-strand copies can be made through repeated strands and each released 
positive-strand can then be used as template for protein (CP or RdRP) translation by the 
host machinery or packaged by CP and RdRP into an assembled progeny virion. The 
replicase activity of RdRP then catalyzes the synthesis of negative-strand RNA on the 
positive-strand template, reconstituting the genomic dsRNA segment (Ghabrial et al., 2008). 
A list of representative sequenced partitiviruses is shown in Table. 1.2. 
Table 1.2 List of recognised and tentative members in the family Partitiviridae, length of their 
genomes, size of encoded gene products, GeneBank accession numbers of their genomic 
sequence and the publication date are shown (Modified from Ghabrial et al., 2008) 
Virus/ abbreviation 
dsRNA segment/ 
encoded protein 
Size in 
bp/size in 
KDa 
GeneBank 
accession 
no. 
References 
Genus:Partitivirus 
Atkinsonella 
hypoxylon virus 
(AhV) 
3/ RdRP 
CP 
Satellite 
2180/78 
2135/74 
1790 
L39125 
L39126 
L39127 
Oh and 
Hillman, 
1995 
Ceratocysis 
resinifera virus (CrV) 
2/ CP 
RdRP 
2207/77 
2305/73 
AY603052 
AY603051 
Marin et al., 
2008 
Unpublishe
d 
Discula destructiva 
virus 1 (DdV1) 
4/ CP 
RdRP 
Satellites 
1787/62 
1585/48 
1181 
308 
NC_002797 
NC_002800 
NC_002801 
NC_002802 
Rong et al., 
2002 
Discula destructiva 
virus 2 (DdV2) 
2/RdRP 
CP 
1781/62 
1611/50 
NC_003710 
NC_003711 
Rong et al., 
2002 
Fusarium poae virus 
1 (FpV-1) 
2/RdRP 
CP 
2203/78 
2185/70 
NC_003884 
NC_003883 
Compel et 
al., 1999 
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Fusarium solani 
virus  (FsV-1) 
2/RdRP 
CP 
1645/60 
1445/44 
D55668 
D55669 
Nogawa et 
al., 1996 
 
Gremmeniella 
abietina virus MS1 
(GaV-MS1) 
3/RdRP 
CP 
Satellite 
1782/61 
1586/47 
1186 
NC_004018 
NC_004019 
NC_004020 
Tuomivirta 
and 
Hantula, 
2002 
Unpublishe
d 
Helicobasidium 
mompa virus (HmV) 
V1-1/RdRP 
V1-2/RdRP 
V-70/RdRP 
2247/83 
1776/63 
1928/70 
AB110979 
AB110980 
AB025903 
Osaki et al., 
2004 
Heterobasidion 
annosum virus 
(HaV) 
1/RdRP 2325/87 AF473549 
Ihrmark, 
2001 
Unpublishe
d 
Ophiostoma 
partitivirus 1 (OPV-
1) 
1/RdRP 
2/CP 
1744/63 
1567/46 
AM087202 
AM087203 
Crawford et 
al., 2006 
Penicillium 
stoloniferum virus F 
(PsV-F) 
3/RdRP 
CP 
Satellite 
1677/62 
1500/47 
677 
NC_007221 
NC_007222 
NC_007223 
Kim et al., 
2005 
Penicillium 
stoloniferum virus S 
(PsV-S) 
2/RdRP 
CP 
1754/62 
1582/47 
NC_005976 
NC_005977 
Kim et al., 
2003 
Rhizoctonia solani 
virus 717 
(RhsV-717) 
2/RdRP 
CP 
2362/86 
2206/76 
NC_003801 
NC_003802 
Strauss et 
al., 2000 
Rosellinia necatrix 
virus 1 (RnV-1) 
2/RdRP 
CP 
2299/84 
2279/77 
NC_007537 
NC_007538 
Sasaki et 
al., 2005 
Unclassified viruses 
in the family 
Partitiviridae 
Cherry chlorotic 
rusty spot 
associated 
partitivirus 
(CCRSAPV) 
2/RdRP 
CP 
2021/73 
1841/55 
NC_006442 
NC_006443 
Coutts et 
al., 2004 
Raphanus sativus 
cryptic virus 1 
(RasV-1) 
2/RdRP 
CP 
1866 
1791 
NC_008191 
NC_008190 
Chen et al., 
2006a 
Raphanus sativus 
cryptic virus 2 
(RasV-2) 
3/RdRP 
Unknown 
Unknown 
1717 
1521 
1485 
DQ218036 
DQ218037 
DQ218038 
Chen et al., 
2006b 
1.7.5 Reoviridae 
The members of family Reoviridae contain 10-12 segments of linear dsRNA as their genome 
encapsidated in particles 70-90 nm in diameter. It is the largest family among the six dsRNA 
virus families and members have the most diverse host range which includes insects, plants, 
fish, reptiles, birds, mammals, arachnids, fungi, arthropods and crustaceans. This family is 
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divided into 12 recognised genera which can be distinguished on the basis of relative, capsid 
number and structure, genome segment number and number of structural proteins (Clarke 
and Tyler, 2008). The members of family Reoviridae are listed in Table 1. 3.   
Particles of this family have icosahedral symmetry but some of them may appear spherical in 
shape. Three reoviruses infecting fungi have been reported which are tentatively placed in a 
genus, Mycoreovirus (Mertens et al., 2005b). Two of these viruses belongs to hypovirulent 
strains of C. parasitica and are nominated Mycoreovirus 1 and 2 (MYRV1 and MYRV2; 
Hillman et al., 2004) and the third virus is from a hypovirulent strain of R. necatrix, named 
MYRV3 (Wei et al., 2003; 2004).  
1.7.5.1 Mycoreovirus 
 
The genomes of all the members of the genus Mycoreovirus are composed of 11-12 
segments of dsRNA. Particles are non-enveloped, spherical and ~ 80nm in diameter. Twelve 
surface projections arranged in an icosahedral fashion can be seen on the core of virus. The 
genome size of C. parasitica mycoreovirus 1 (CpMYRV-1) consists of 1-11 dsRNA segments 
ranging from 732 bp-4127 bp in size. This virus is present in the fungus C. parasitica and 
causes blight or canker in chestnut (Castanea spp.) trees, particularly C. dentate. It has been 
reported that the presence of CpMYRV-1 in the fungus reduces disease virulence (Mertens 
et al., 2005b).  
 
Table 1.3 Genera of family Reoviridae showing genome segments and host range (Adapted 
from Clarke and Tyler, 2008) 
 
Genera 
No. of genome segments/ 
No. of capsid layers 
Hosts 
Orthoreovirus 10/ 2 Mammals, birds, reptiles 
Aquareovirus 11/ 2 Fish, molluscs 
Cypovirus 10/ 1 Insects 
Fijivirus 10 /2 Plants, insects 
Oryzavirus 10 /2 Plants, insects 
Myocoreovirus 11,12 /2 Fungi 
Idnoreovirus 10/ 2 Insects 
Rotavirus 11/ 3 Mammals, birds 
Orbivirus 10/ 3 Mammals, birds, arthropods 
Coltivirus 12 /3 Mammals, arthropods 
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Phytoreovirus 12 /3 Plants, insects 
Seadornavirus 12/ 3 
Mosquitos, mammals, 
humans 
1.7.6 Totiviridae 
The Totiviridae encompasses all non-segmented, encapsidated, dsRNA viruses of fungi and 
protozoa. Totivirus genome sizes range from 4.6-7.0 kbp and contain two ORFs which 
usually overlap, encoding the CP and the RdRP (Wickner et al., 2005). Members of 
Totiviridae contain a single molecule of linear, uncapped dsRNA and a single major CP 
ranging in size from 70-100 kDa.  
In totiviruses there are reports of two distinct RdRP expression strategies, in the first the 
RdRP is expressed as fusion protein (CP-RdRP) by ribosomal frame shifting such as in S. 
cerevisiae virus L-A (ScV-L-A; Fig. 1.6) and those viruses infecting parasitic protozoa. 
Alternatively in another strategy, RdRP is synthesised as a separate non-fused protein by an 
internal initiation mechanism, as shown for HV190S and thought to be the case in all other 
totiviruses that infect filamentous fungi (Ghabrial et al., 2008b).  
 
Figure 1.6 Genome organisation of Saccharomyces cerevisiae virus L-A (ScV-L-A), type 
species of genus Totivirus showing RdRP expression strategy (Adapted from Wickner et al., 
(2005) and not drawn to scale) 
The Totiviridae family contains three genera; genus Totivirus which has 40 nm diameter 
particles and infects fungi, genus Giardiavirus which have 36 nm diameter particles and 
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infect protozoan parasites and genus Leishmaniavirus which have 33 nm diameter particles 
and infect protozoan parasites. 
Totiviruses are icosahedral and in the capsid structure, pores can be seen which presumably 
are used for the uptake of nucleotides and release of viral mRNA. The virions in this family 
have a single linear molecule of dsRNA ranging in size from 4.6-6.7 kbp. Three viruses 
included in the family Totiviridae that have been completely sequenced are; ScV-L-A which 
has a dsRNA genome of 4579 bp, S. cerevisiae virus L-BC (La) (ScV-L-Bc) and HuV-190S). 
The genus Giardiavirus comprises one species Giardia lamblia virus, which is isometric and 
36 nm in diameter containing one dsRNA segment 6277 bp in size. The genus 
Leishmaniavirus contains many species. One of them, Leishmania RNA virus 1-1 (LRV-1-1) 
has isometric virions 33 nm in diameter and contains a linear, uncapped dsRNA molecule 
5.3 kbp in size (Wickner et al., 2005).  
Several complete nucleotide sequences of tentative totiviruses that infect filamentous fungi 
have been reported. These viruses share many common properties with HV190S following a 
comparison of sequences and phylogenetic analyses and they are more closely related to 
each other than to the viruses infecting the yeast and smut fungi. Recently, a new genus 
„Victorivirus‟ has been proposed to accommodate HV190S and related viruses, with HV190S 
being the type species (Ghabrial, 2008b).  
In vitro reactions associated with RNA polymerase activity associated with virions of 
members of totiviruses ScV-L-A, UmV-H1, and Hv190SV, catalyzes end-to-end transcription 
of dsRNA by a conservative manner to produce mRNA for CP, when isolated from lag-
phase. When purified ScV-L-A virions were isolated from log-phase cells, they have a less 
dense class of particles, which packaged only plus strand RNA. In in vitro reactions, these 
particles exhibit a replicase activity that catalyzes the synthesis of minus-strand RNA to form 
dsRNA. The resultant mature particles are capable of synthesising and releasing plus-strand 
RNA (Ghabrial, 2008b). 
The complete nucleotide sequence of several recognised and tentative members of 
Totiviridae have been published and are tabulated below (Table.1.4). 
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Table 1.4 List of recognised and tentative members in the family Totiviridae, length of their 
genomes, size of encoded gene products, GeneBank accession numbers of their genomic 
sequence and the publication date are shown (Modified from Ghabrial, 2008b) 
 
Virus/abbreviation 
Genome 
length 
(nt) 
Encoded 
protein (CP, 
RdRP/CP-
RdRP) 
Size 
in 
KDa 
GeneBank 
Accession 
no. 
Reference 
Genus:Totivirus 
Saccharomyces 
cerevisiae virus L-A 
(ScV-L-A) 
4579 
CP 
CP-RdRP 
76 
171 
NC_003745 
Icho and 
Wickner,1989 
Saccharomyces 
cerevisiae 
virus L-BC 
(ScV-L-BC) 
4615 
CP 
CP-RdRP 
78 
176 
NC_001641 
Park et al., 
1996 
Ustilago maydis 
virus H1 
(UmV-H1) 
6099 
CP 
CP-RdRP 
81 
201 
NC_003823 Bruenn, 1993 
Genus: Victorivirus 
Helminthosporium 
victoriae 190S virus 
(Hv190SV) 
5179 
CP 
RdRP 
81 
91 
NC_003607 
Huang and 
Ghabrial, 1996  
Chalara elegans 
RNA virus 1 
(CeRV1) 
5310 
CP 
RdRP 
81 
96 
NC_005883 
Park et al., 
2005 
Coniothyrium 
minitans RNA virus 
(CmRV) 
4975 
CP 
RdRP 
81 
93 
NC_007523 
Cheng et al., 
2003 
Epichloe festucae 
virus 1 (EfV-1) 
5109 
CP 
RdRP 
80 
90 
AM261427 
Romo et al., 
2007 
Gremmeniella 
abientina RNA virus 
L (GaRV-L) 
5133 
CP 
RdRP 
81 
90 
NC_003876 
Tuomivirta and 
Hantula, 2003 
Helicobasidium 
mompa totivirus 1-17 
(HmTV-1-17) 
5207 
CP 
RdRP 
83 
93 
NC_005074 
Nomura et al., 
2003 
Magnaporthe oryzae 
virus 1 (MoV-1) 
5359 
CP 
RdRP 
77 
91 
NC_006367 
Yokoi et al., 
2007 
Sphaeropsis sapinea 
RNA virus 1 (SsRV-
1) 
5163 
CP 
RdRP 
89 
92 
NC_001963 
Preisig et al., 
1998 
Sphaeropsis sapinea 
RNA virus 2 (SsRV-
2) 
5202 
CP 
RdRP 
83 
91 
NC_001964 
Preisig et al., 
1998 
Genus: Giadiavirus 
Giardia lamblia virus 
(GLV) 
6277 
CP 
CP-RdRP 
98 
210 
NC_003555 
 
Wu et al., 
1995 
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Trihomonas 
vaginalis virus 1 
(TVV-1) 
4648 
CP 
CP-RdRP 
74 
160 
U57898 
Su and Tai, 
1996 
Trihomonas 
vaginalis virus 2 
(TVV-2) 
 
4674 
CP 
CP-RdRP 
79 
162 
NC_003873 
Bessarab et 
al., 2000 
Trihomonas 
vaginalis virus 3 
(TVV-3) 
 
4844 
CP 
CP-RdRP 
79 
156 
NC_004034 
Bessarab and 
Tai 
unpublished, 
2002 
Genus: 
Leishmaniavirus 
Leishmania RNA 
virus 1-1 (LRV-1) 
5284 
CP 
CP-RdRP 
82 
98 
NC_002063 
Stuart et 
al.,1992 
Leishmania RNA 
virus 1-4 
(LRV-1-4) 
5283 
CP 
CP-RdRP 
83 
99 
NC_003601 
Scheffter et 
al., 1994 
Leishmania RNA 
virus 2-1 
(LRV-2-1) 
5241 
CP 
CP-RdRP 
78 
88 
NC_002064 
Scheffter et 
al., 1995 
Unclassified 
Penaeid shrimp 
myonecrosis virus 
(IMNV) 
7560 
CP 
CP-RdRP 
99 
196 
NC_007915 
Senapin et al., 
2007 
Eimeria brunetti RNA 
virus 1 
(EbRV) 
5358 
CP 
RdRP 
83 
98 
NC_002701 
Fraga et al., 
2001 
Unpublished 
1.8 Defective and satellite dsRNA viruses 
The presence of defective and/or satellite dsRNA elements is a regular feature of mycovirus 
infection. The sequence information of these dsRNA elements shows the minimal sequence 
required for the stable replication of a dsRNA element. Defective and satellite dsRNA 
elements can be utilised in the design of dsRNA-based expression system for the specific 
host systems in which these elements originated (Nuss and Koltin, 1990) and are reported to 
interfere with the replication of the helper virus (Buck, 1998). Defective dsRNAs are 
dependent on the helper virus for their replication but they can also be derived as a result of 
internal deletion and/or recombination of existing dsRNA information. Specific conditions like 
rapid, high-multiplicity of infection passage of a virus through a susceptible host can result in 
the generation of defective dsRNAs (Hillman et al., 2000). The recombination and/or deletion 
events that result in the generation of defective RNA are more frequent at specific regions, 
hotspots rather than occurring randomly through the parental genome (Nagy and Simon, 
1997; Cheng et al., 2003). 
Two groups of dsRNA satellites have been recognised officially. One group is associated 
with the yeast S. cerevisiae and are designated as the M satellites of L-A dsRNA consisting 
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of several dsRNAs ranging from 1.0-1.8 kbp in size and dependent on genes of the helper 
virus for both replication and encapsidation. This satellite dsRNA is beneficial to the host as 
it encodes a toxin which kills other yeasts not harbouring this dsRNA, providing immunity to 
the yeast secreting the toxin. There are reports of different M-satellites associated with L-A 
dsRNA viruses, all of them also encoding toxin and immunity systems (Palukaitis et al., 
2008). 
The other group of three dsRNAs is associated with the Trichomonas vaginalis T1 virus 
(TVTV) of the eponymous protozoan. Satellites dsRNAs are also found in fungi in 
association with mycoviruses in the families, Hypoviridae, Narnaviridae, Partitiviridae and 
Totiviridae (Palukaitis et al., 2008). Also O. novo ulmi mitovirus 3a (OnuMv 3a), a dsRNA 
virus in the genus Mitovirus, of the family Narnaviridae consists of groups of dsRNA satellites 
738-767bp in size, designated OnuMV3a S-dsRNA (Palukaitis et al., 2008). 
1.9 Plant and fungal dsRNA viruses 
1.9.1 Endornaviridae 
Endornavirus is the single genus of family Endornaviridae which can replicate independently 
of their host and hence may be regarded as RNA plasmids. No transmission methods have 
been proven but seed transmission is presumed.  The 17.6 kbp genome encodes a single, 
655 kDa protein. Large plasmid-like dsRNAs have been found in several different crops like 
broad bean, kidney bean, pepper and barley but only three dsRNAs from wild rice (W-1714), 
the Nipponbase cultivar of cultivated rice and broad bean (447 male sterile strain) have been 
sequenced completely. Endornaviruses encode one ORF which contains conserved motifs 
for an RdRP and an RNA helicase (Fig.1.7) (Fukhara et al., 2006). These large dsRNA 
elements can replicate independently of their host genome with the help of their RdRP. 
 
Figure 1.7 A genome map for Oryza sativa virus (OsV), an endornavirus showing conserved 
motifs for an RdRP and an RNA helicase (Adapted from Gibbs et al. [2005] and not drawn to 
scale) 
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Endornaviruses are transmitted by cell division and they may survive in co-operation with 
their hosts. There are no reports of horizontal transmission of these viruses. Phylogenetic 
analysis of RdRP and helicase motifs of all three viruses showed that they share a common 
ancestor with the alpha-like super group of positive-stranded RNA viruses. Based on this 
information, in the eighth report of the ICTV it was accepted that these large plasmid-like 
dsRNA replicons are members of new genus, Endornavirus. Therefore, all three sequenced 
viruses were named as Oryzae sativa endornavirus (OsEV), Oryza rufipogon endornavirus 
(OrEV) and Vicia faba endornavirus (VfEV) respectively. Since then two new members have 
been included in this genus. A large dsRNA was found in violet root rot fungus, H. mompa, 
which has a hypovirulence factor encoding a single ORF with RdRP and helicase conserved 
motifs and has significant similarity with all three known Endornavirus species and has thus 
named Helicobasidium mompa endornavirus 1-670 (Fukuhara and Moriyama, 2008).  
A large 13.9 kbp dsRNA isolated from a plant pathogen Phytophthora isolate douglasfir, 
nominated Phytophthora endornavirus 1 (PEV1), has also been described and sequenced 
(Hacker et al., 2005). The genus Phytophthora has similar biological properties to fungi but is 
classified in a protist group, known as Chromista. PEV1 dsRNA encodes a single ORF which 
has a similar genetic organisation to the other fully sequenced endornaviruses and has been 
accommodated in the genus Endornavirus. Recently, Kozlakidis et al. (2010) reported the 
presence and sequences of similar, almost identical dsRNAs to PEV1 in some isolates of the 
phytopathogenic fungus Phytophthora ramorum. 
1.10 Aspergillus 
Aspergillus was identified by Pietro Antonio Micheli in 1729 and thus far about 250 species 
have been identified. Aspergillus species are aerobic and they can be seen in all oxygen-rich 
environments but they usually grow as moulds on the surface of substrate (Bennett, 
2010).They grow profusely on bread and potatoes and also on or in trees and plants. 
Aspergillus needs a nutrient-rich medium for growth but some species can also be grown in 
a nutrient-depleted environment. A. niger is a major example of this which can grow on 
humid sites with barely any nutrients.  
1.10.1 Importance of Aspergillus species 
Aspergillus is important both medically and commercially. Curie (1917) reported the use of A. 
niger in the production of citric acid. Citric acid is one of the most widely used food 
ingredients, and is also used in the pharmaceutical and cosmetic industries as an acidulant 
and for aiding in the dissolution of active ingredients and as a hardener in adhesives and 
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retarding the setting of concrete (Brooke, 1994). Citric acid is produced in large amounts with 
an estimated production of approximately 1.6 billion kg per annum, worldwide (Dodds and 
Gross, 2007). A. niger, A. terreus, and A. oryzae are also used in the production of gluconic 
acid, kojic acid and itaconic acid respectively (Ruijter et al., 2002). 
Several Aspergillus secondary metabolites are used in the preparation of cholesterol 
lowering drugs. For instance Mevastatin and lovastatin are statins, a family of useful, 
biologically active secondary metabolites isolated from different Aspergillus species 
(Bennett, 2010). Aspergillus species such as A. oryzae and A. sojae play important roles in 
fermented foods which can have a better texture, aroma and enhanced flavour together with 
some health benefits including superior digestibility (Abe and Gomi, 2008).  
A. nidulans has been used as a tool in research (parasexuality in fungus) and was one of the 
first fungi to have its genome sequenced. Aspergillus species can cause crop disease 
especially on maize where several species can synthesize mycotoxins including aflatoxin. 
Almost 20 species are known to cause opportunistic infections in man e.g. A. fumigatus, A. 
flavus and A. clavatus. About 40 of the 250 species of Aspergillus have been reported as 
human pathogens (Klich, 2006) but the majority of cases are associated with only one 
species; A. fumigatus (Latge, 1999, Latge and Steinbach, 2008). 
1.11  Aspergillus fumigatus 
Aspergillus fumigatus is an environmentally and medically important saprophytic fungus 
(Fig.1.8a). Environmentally, it plays an important role in the nitrogen and carbon cycles, 
while, medically, it is an important opportunistic pathogen (Rhodes, 2006). A. fumigatus has 
a stable haploid genome and it reproduces by forming conidiospores which are released into 
the environment. It can grow well at 37oC and is characterised by sporulating abundantly, 
releasing >1000 conidia from every conidial head (Fig.1.8b). These conidia are relatively 
small, 2-3 m in diameter, and are present in the air concentration of 1-100 conidia/m3 
(Varga and Toth, 2003). Per day, the average human inhales in excess of several thousand 
A. fumigatus conidia (Goodley et al., 1994). A. fumigatus spores are commonly present in 
almost all environments and they are drifted to long and short distances depending upon 
environmental conditions. These spores are deposited on solid or liquid surfaces when they 
come in contact with them and germinate when the environmental conditions become 
favourable (Kanaani et al., 2008). A. fumigatus can cause disease to human and animals 
through localised or systemic infections. In case of infections, immune compromised 
individuals are likely to be infected with disease.  
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Figure 1.8 a) Aspergillus fumigatus growth on a Petri plate. b) conidiophore bearing conidia. 
(Adapted from University of Lisbon,  
http://www.dq.fct.unl.pt/qoa/Aspergillus%20fumigatus.jpg) 
A. fumigatus was previously described as a weak pathogen, only responsible for farmer‟s 
lung, aspergilloma and other allergic forms of the disease. However, A. fumigatus is now 
considered the most prevalent airborne fungal pathogen owing to the increased number of 
immune-compromised patients (Varga and Toth, 2003).  The ability of A. fumigatus to grow 
at elevated temperatures and to sense and utilise varied carbon and nitrogen sources for its 
growth has made it an important opportunistic pathogen of humans as well as vital part of 
nutrient recycling ecosystem (Rhodes, 2006). The mortality rates associated with 
aspergillosis caused by Aspergillus species range from 60-90% depending upon the type of 
patient infected (Tekaia and Latge, 2005). Although other aspergilli like A. niger, A. flavus, A. 
terreus and A. nidulans can also cause aspergillosis, 90% of the incidences reported are 
caused by A. fumigatus (Varga and Toth, 2003). The nutritional versatility of A. fumigatus 
has been also cited as an important contributor to virulence (Rhodes, 2006). 
A. fumigatus shows a higher morphological variability than described by Raper and Fennell, 
which has lead to the classification of several sub-species of A. fumigatus, namely A. 
fumigatus, A. breivpes, A. duricaulis, A. unilateralis and A. viridinutans (Latge, 1999). 
Previously it was thought that A. fumigatus reproduces asexually with no known sexual cycle 
(Varga and Toth, 2003) but recently, O‟Gorman et al. (2009) have reported a fully functional 
sexual reproductive cycle for A. fumigatus that leads to the production of cleistothecia and 
ascospores, and also have described the teleomorph stage, Neosartorya fumigata. 
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1.12  DsRNA mycoviruses in Aspergilli 
Some of the first identified mycoviruses were found in Aspergillus species. Banks et al. 
(1970) isolated an isometric virus from A. foetidus which were ~ 40nm in diameter and 
proved to contain dsRNA. When further investigated it was observed that there are two 
distinct classes of dsRNA, that could be separated electrophoretically indicating multiple 
infections with at least two distinct viruses. One class of dsRNA contained four components 
and in the other class two separately encapsidated segments were present (Ratti and Buck, 
1972). Since then viruses with ssRNA as well as dsRNA elements have been identified in 
Aspergillus species (Buck, 1986, 1998; Fauquet et al., 2005).    
No dsRNA elements were found in three isolates of A. candidus (Varga et al., 1998) but Kim 
and Bozarth (1985) identified a mycovirus complex in A. ochraceus ATCC 28706 termed 
AoV. They reported three structural proteins and nine dsRNA segments in AoV. When this 
complex was tested serologically, it showed that AoV has three unrelated components, and 
cross-reacted with an antiserum against PsV-S, a mycovirus of P. stoloniferum (Bozarth et 
al., 1971). The complete genomic sequence of the P. stoloniferum mycovirus PsV-F was 
determined (Kim et al., 2003, 2005, 2006) and when these sequences were compared to 
AoV, it was revealed that one of the AoV dsRNAs cross-hybridised with a PsV-S dsRNA 
segment. Sequence analysis showed the same genome organisation in AoV to that found in 
PsV-S. The RdRP gene sequence of AoV exhibited 81% homology with members of the 
genus Partitivirus and clusters with PsV-S in a phylogenetic tree and it is suspected that the 
positive serological relationship demonstrated previously between these viruses is reflected 
by this similarity.  
Another study showed the presence of dsRNAs ranging in size from 0.6-6.0 kbp in new A. 
ochraceus isolates (Liu et al., 2008). The dsRNA patterns observed differed to those found in 
the AoV-containing strain ATCC 28706 (Varga et al., 1998). The dsRNA profiles of a number 
of strains e.g. those of A. ochraceus and A. foetidus CBS 618.78 share a number of 
segments of similar mobilities. The differences noted in the relative intensities of some 
dsRNA bands within single isolates showed that these strains are co-infected by two or more 
mycoviruses. However in the case of Aspergillus section circumdati, no dsRNA elements 
were discovered in 28 strains that were investigated (Varga et al., 1998). 
DsRNA mycoviruses have been found in both sexual and asexual aspergilli, with infection 
rates of up to 13% (Varga et al., 1998). Aspergillus species have been found to be infected 
with several mycoviruses, including A. foetidus (Ratti and Buck, 1972; Buck and Ratti, 1975), 
A. niger (Buck et al., 1973), A. flavus (Schmidt et al., 1986), A. ochraceus (Kim and Bozarth, 
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1985; Kim et al., 2006), A. tubingenesis, A. heteromorphus, A. japonicus, A. carbonarius 
(Varga et al., 1994), A. flavus, A. parasiticus, A. nomius  and A. tamarii (Elias and Cotty, 
1996).  All of these species reproduce asexually. Varga et al., (1998) previously found no 
evidence of dsRNA elements in a sample population of 61 strains of A. fumigatus. 
In A. flavus, a dsRNA mycovirus (with similarities in structure and size to PcV) has been 
found to suppress aflatoxin production. Transfection of a previously uninfected toxigenic 
strain of A. flavus with the complete virus or naked dsRNA successfully suppressed aflatoxin 
synthesis (Schmidt et al., 1986). Van Diepeningen et al. (2006) showed a small but 
statistically significant effect of virus infection on the mycelial growth rate and spore 
production when infected and virus-free isolates of Aspergillus spp were compared. 
Isometric particles 20 nm in size were found in one of the isolates of A. fumigatus and were 
thought to be VLPs (Adler-Moore, 1985), but these appear too small to be virus particles. 
Varga et al. (2001) identified a dsRNA element of >10 kbp in another A. fumigatus isolate. 
There is also report of A. fumigatus isolate Af293, the whole genome of which has been 
sequenced, carrying a dsRNA element (Warn et al., 2006). A. fumigatus had a significantly 
lower dsRNA infection rate than the other sexual Aspergilli. (Van Diepeningen et al., 2008).  
All of the reported dsRNA infections in Aspergilli are listed in Table 1.5 
Table 1.5 List of Aspergillus species, their mode of reproduction, infection rate with 
mycoviruses and references (Adapted from Van Diepeningen et al., [2008]) 
Section 
 
Aspergillus 
species 
Sexual 
reproduction 
Infection rate 
(infected/tested) 
References 
Candidi A.candidus - 0% (0/3) Varga et al., 1998 
Circumdati A. ochraceus - 18.5% (5/27) 
Kim and 
Bozarth,1985; 
Varga et al., 1998 
Clavati A. clavatus - 20%(2/10) 
Varga et al., 1998, 
2003 
Flavi 
A. flavus - 8.9%(5/56) 
Schmidt et al., 1986; 
Elias and Cotty, 1996 
A. nomius - 14.3% (1/7) Elias and Cotty, 1996 
A. parasiticus - 16.7% (1/6) Elias and Cotty, 1996 
A. tamarii - 20% (3/15) Elias and Cotty, 1996 
A. oryzae  0% (0/4) Elias and Cotty, 1996 
A. Sojae  0% (0/4) Elias and Cotty, 1996 
A. Eporis  50% (1/2) Varga et al., 2001 
Petromyces 
alliaceus 
+ 20% (1/5) Varga et al., 1998 
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Fumigati 
A. fumigatus + 2.7% (2/74) 
Varga et al., 2001; 
Warn et al., 2006 
Neosartorya 
hiratsukae 
+ 100% (3/3) Varga et al., 1998 
N. 
quadricincta 
+ 33% (1/3) Varga et al., 1998 
N. primulina + 100% (1/1) Varga et al., 1998 
N. fischeri + 0% (0/8) 
Varga et al., 1998 
 
Nidulantes 
Emericella 
nidulans 
+ 0% (0/112) Coenen et al., 1997 
Nigri 
A. carbonarius - 5.3% (1/19) 
Varga et al., 1994, 
2001;Van 
Diepeningen et al., 
2006 
A. foetidus - 33% (1/3) 
Ratti and Buck, 1972; 
Buck and Ratti, 1975 
A. 
heteromorphu
s 
- 100% (2/2) Varga et al., 1994 
A. 
japonicus/A.ac
uleatus 
- 8.6% (12/140) 
Varga et al., 1994, 
2001; 
Van Diepeningen et 
al., 2006 
A. niger - 12.8% (79/615) 
Buck et al., 1973; 
Varga et al., 1994, 
2001; 
Van Diepeningen et 
al., 2006 
A. tubingensis - 7.4% (29/393) 
Varga et al., 1994, 
2001; 
Van Diepeningen et 
al., 2006 
A. ellipticus - 0% (0/2) Varga et al., 2001 
A. brasiliensis - 0% (0/7) Varga et al., 2001 
Aspergillus Eurotium spp. + 0% (0/25) 
Varga et al., 
unpublished 
Restricti A. restrictus - 0% (0/3) 
Varga et al., 
unpublished 
Terrei 
A. terreus - 7.5% (3/40) Varga et al., 2005 
A. carneus - 0% (0/3) Varga et al., 2005 
Flavipedes 
Fennellia 
nivea 
+ 0% (0/4) Varga et al., 2005 
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1.13  Aims of the project 
The aims of the projects are presented in chapter order.  
1.13.1 Chapter 3: Development of the technology 
The aim of this chapter was to develop technology and standardise techniques and 
methodology which will be useful in successfully completing the main project objective 
(identifying and characterising dsRNAs from Aspergillus fumigatus). As the main objective 
involves screening and characterisation, therefore individual projects were chosen keeping 
these two aims in mind. Three independent projects were undertaken simultaneously during 
the first six months, which are as follows 
1.13.1.1 Identification of dsRNA endornaviruses from Phytophthora ramorum 
As discussed in the introduction (section 1.8.1), the large plasmid-like dsRNA element 
(Endornavirus) has been reported in plant pathogenic Phytophthora spp. and has been 
characterised. To investigate the importance/effect of their infection to the host, twenty two 
isolates of Phytophthora ramorum were selected based on their importance and interest and 
screened for the presence of dsRNAs.  
1.13.1.2 Characterisation of dsRNA elements present in Aspergillus foetidus 
There are eight dsRNA elements present in Aspergillus foetidus (see section 1.2) and partial 
characterisation of their sequences had been initiated in the laboratory. As large amounts of 
glycerol stocks of these viruses were available the aim was to focus on completing the 
molecular characterisation of these viruses and to develop cloning and sequencing 
technologies which would be applicable to investigations in the main project.  
1.13.1.3 Characterisation of Phlebiopsis gigantea dsRNA 
The fungus, Phlebiopsis gigantea (see Chapter 3) is important economically and the isolate 
(TW2) contains two dsRNA elements that may be a useful tool in genetic manipulation. So 
keeping in mind this importance, the aim was to completely characterise the two dsRNA 
elements via their complete sequencing and the sequence information will be used to 
determine their origin, function and relation to other dsRNA elements. 
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1.13.2 Chapter 4: Identification and characterisation of a group of dsRNA elements in 
one isolate of Aspergillus fumigatus 
The aim of this chapter was to describe the identification of dsRNA elements in different 
isolates of Aspergillus fumigatus and to characterise at least one set of dsRNAs using 
random cDNA priming and by direct sequencing. This sequence information will then be 
used to determine the origin, function and relationship of novel dsRNAs to known dsRNA 
elements.  
1.13.3 Chapter 5: Phenotypic screening of virus-infected and virus-free Aspergillus 
fumigatus isolates; curing A. fumigatus isolate A-56 from AfuCV infection and 
transfection of virus-free isolates of A. fumigatus 
There were two aims of this chapter. Firstly, to cure the fungus of dsRNA infection to 
facilitate a comparison between infected and uninfected isolates, not only in terms of 
morphology and growth but also pathogenicity in a mouse model. The second aim was to 
transfect uninfected and cured isolates of Aspergillus fumigatus with purified virus and 
dsRNA using protoplast fusion and direct transfection methodology.  
1.13.4 Chapter 6: Construction of cDNA clones of AfuCV dsRNA 4; in vitro 
transcription of dsRNA from cDNA clones; over-expression of the AfuCV coat 
protein gene 
The main aim of this chapter was to construct cDNA clones of AfuCV dsRNA 4, in vitro 
transcribe dsRNA 4 from these cDNA clones that can be used to generate dsRNA for 
introduction into virus infected isolate cells. The second aim was to over-express and purify 
the capsid protein from one of the mycovirus dsRNA species in an effort to encapsidated 
dsRNA transcripts for transfection of fungal protoplasts as described above.     
1.13.5 Chapter 7: General discussion (Conclusions and future plans) 
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CHAPTER TWO 
 
Materials and Methods 
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2 Materials and Methods 
2.1 General laboratory practice 
A protective laboratory coat was worn out at all times in the laboratory, with the use of 
disposable gloves when working with hazardous chemicals, potential carcinogens and toxic 
materials. In addition, a protective face mask was worn when weighing out hazardous/toxic 
powders. Exposure to UV radiation was minimised by wearing a full-face visor in conjunction 
with a laboratory coat and gloves. All work areas were swabbed with 70% ethanol after use. 
Work involving Aspergillus fumigatus was carried out in a laboratory designated only for 
Aspergillus work and prior induction was done before starting work. Elbow visors and a face 
mask were worn all the times when spores were harvested in an Envair Class II 
Microbiological safety cabinet. All waste material was put in autoclave bags, sealed correctly 
and placed in a special sealed container for disposal. 
2.2 Sterilisation 
All plastic, glassware and solutions were sterilised by autoclaving at 121oC for 25 min. 
Antibiotics and heat sensitive solutions were filter sterilised by passage through a 0.2 µm 
syringe filter (Fischer Scientific). 
2.3 Centrifugation 
Smaller volumes (less than 2 ml) were centrifuged in an Eppendorf 5415 C bench top 
centrifuge using a fixed-angle rotor. The maximum centrifugal force of the benchtop 
microfuge was 16,000 x g. 
Centrifugation of larger volumes was performed using the fixed-angle rotor JA-14 in a 
Beckman coulter Avanti J-26XP floor-standing centrifuge with a maximum centrifugal force of 
30,100 x g for the JA-14 rotor. 
Ultra centrifugation was carried out using the fixed angle rotor type 45 Ti in a Beckman 
ultima L-100 XP floor-standing centrifuge. The maximum centrifugal force of rotor was 235, 
000 x g 
2.4 Antibiotics 
All antibiotics are sensitive and inactivated by heat, and were therefore added to media 
cooled to 60oC or below. All antibiotic solutions were filter sterilised through a 0.22 µm filter 
and stored in aliquots at -20oC. Antibiotics used are listed in Table 2.1. 
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  Table 2.1 List of antibiotics and their concentrations 
 
Name of antibiotics Preparation Working concentrations 
Ampicillin 10 mg/ml in SDW 50-100 µg/ml 
Chloramphenicol 35 mg/ml in ethanol 35 µg/ml 
Kanamycin 50 mg/ml in SDW 50 µg/ml 
Streptomycin 10 mg/ml in SDW 10 µg/ml 
Penicillin 100 mg/ml in SDW 50-100 µg/ml 
2.5 Lactose analogues 
The lactose analogues were filter sterilised through a 0.22 µm filter and stored in aliquots at -
20oC. 
2.5.1 Isopropyl-ß-D-thiogalactopyranoside (IPTG)  
IPTG (Gene)        2 g 
Sterilised distilled water                8 ml 
2.5.2 5-bromo-4-chloro-3-indolyl- ß -D-galactoside (X-Gal) 
X-Gal (Gene)        20 mg 
N, N‟ dimethylformamide (Sigma-Aldrich)    1ml 
The tube was wrapped in aluminium foil to avoid damage by light. 
2.6 Common media and solutions 
2.6.1 Transformation storage solution (TSS) 
 
2X LB         5 ml 
PEG 8000        1 g 
DMSO         0.5 ml 
MgCl2 (1M)        0.5 ml 
Sterilised distilled water      3.0 ml 
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2.6.2 YES medium 
Yeast extract (Oxoid)       5 g 
D-Glucose (Melford)       30 g  
Vitamin solution       10 ml 
Sucrose        40 %   
Sterilised distilled water      1000 ml 
2.6.3 YG medium 
 
Yeast extract (Oxoid)        5 g 
D- Glucose         20 g 
Trace element solution      400 µl 
Sterilised distilled water      1000 ml  
2.6.4 Malt extract medium 
 
Malt extract (Oxoid)       15 g 
Technical agar (Oxoid)      15 g 
Sterilised distilled water      1000 ml 
2.6.5 Aspergillus complete medium 
 
Aspergillus complete medium (ACM) is a selective media for Aspergillus spp. culture. The 
medium is prepared by mixing together the following ingredients which were dissolved with 
stirring:- 
Glucose 1% (w/v)       10 g 
Yeast extract 0.1% (w/v)      1 g 
Casamino acids 0.1% (w/v)      1 g 
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Peptone 0.2% (w/v)       2 g 
Adenine        0.075 g 
Aspergillus salt solution      20 ml 
Vitamin solution           10 ml 
Sterilised distilled water      1000 ml 
1% or 2% (w/v) Oxoid agar No. 3 (for solid media)   
The mixture was adjusted to pH 6.5 with 10 M NaOH  
2.6.6 Aspergillus salt solution   
 
KCl         26 g 
MgSO4         26 g 
KH2PO4        76 g 
Trace element solution   (section 2.6.8)    50 ml 
Sterilised distilled water      1000 ml 
2.6.7 Vitamin solution   
 
4-aminobenzoic acid       400 mg 
Aneurin        50 mg 
Biotin         1 mg 
Mesoinositol        24 g 
Nicotinic acid        100 mg 
DL-pantothenic acid (hemicalcium salt)     200 mg 
Pyridoxine monohydrochloride     250 mg 
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Riboflavin        100 mg 
Choline chloride       1.4 mg 
Sterilised distilled water       1000 ml 
All solutions were sterilised by autoclaving at 121oC for 20-25 min 
2.6.8 Trace element solution 
 
Na2B4O7.10H2O       40 mg 
CuCl2.5H2O        400 mg 
FeCl3.H2O        800 mg 
MnSO4.4H2O        800 mg 
Na2MoO4.2H2O       800 mg 
ZnSO4.7H2O        8 g 
Sterilised distilled water      1000 ml 
2.6.9 SOC broth 
 
Tryptone (Oxoid)       2.0 g 
Yeast extract (Oxoid)        0.5 g 
NaCl (BDH)         0.05 g 
KCl (250 mM, pH7.0)       1 ml  
Sterilised distilled water      95 ml 
Final volume (100 ml) was adjusted by adding water then aliquot into ten 10 ml lots in 
universal tubes and sterilise.  Before use, add 150 l of 2 M MgCl2 stock (filter sterilised) and 
200 l of sterile 2 M glucose solution (filter sterilised).   
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2.6.10 LB medium 
 
Tryptone (Oxoid)       10 g 
Yeast extract (Oxoid)          5 g 
NaCl (BDH)        10 g 
Technical agar (Oxoid)      15 g 
Sterilised distilled water      1000 ml 
2.7 Materials for experiments (Fungal cultures/ isolates) 
2.7.1 Phlebiopsis gigantea  
Phlebiopsis gigantea fungal cultures were grown on malt extract agar (section 2.6.3). The 
plates were overlayed with cellophane disks (Whatman) that had been deplasticised in 
boiling water for 10 min. The disks were dried between filter paper, wrapped in aluminium foil 
and autoclaved. The plates were filled with malt extract agar containing antibiotics (see 
Table 2.1) and left to dry. Cellophane disks were placed on the surface of the agar and then 
inoculated with a small plug of fungal mycelium and cultured at 25oC until the mycelial mat 
covered the plate.  
2.7.2 Phytophthora ramorum 
Twenty two isolates were obtained from Professor Clive Brasier, Emeritus Mycologist, 
Forestry Commission Research agency, Alice Holt Lodge, Farnham, Surrey UK and were 
screened for presence of endornaviruses (Table 2.2). 
Table 2.2 List of Phytophthora ramorum species isolates, code and mating type along with 
their host plant which were screened for presence of endornaviruses 
Sample 
No. 
Location, Country of Origin, 
state -California (CA), 
Oregon (OR) (where known) 
Isolate code 
and mating 
type (where known) 
Host plant 
1 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-1-A2 Unknown 
2 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-4-A2 Unknown 
3 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-33-A2 Unknown 
4 
USA, Pacific west coast 
(Nursery isolates) 
 
    WSDA 3403-A2 
 
Unknown 
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5 
USA, Pacific west coast 
(Nursery isolates) 
          WSDA 3765-A2 Unknown 
6 
USA, Marin Water 
district,    CA 
P1348-A2 Quercus agrifolia 
7 USA, OR P1404-A2 
Lithocarpus 
Densiflorus 
8 Poland P1410-A1 
Rhododendron 
sp. 
9 UK, unknown P1446-A1 
Viburnum 
bodnantense 
10 UK, unknown P1452-A1 
Rhododendron 
sp. 
11 UK, unknown P1453-A1 
Viburnum 
bodnantense 
12 UK, unknown P1457-A1 Rhododendron sp. 
13 UK, unknown P1463-A1 Rhododendron sp. 
14 UK, unknown P1467-A1 
Rhododendron 
Grandiflora 
15 Mallorca P1492-A1 Rhododendron sp. 
16 France P1493-A1 Rhododendron sp. 
17 Belgium P1500-A2 Unknown 
18 USA, CA P1507-A2 Laurus nobilis 
19 USA, CA P1510-A2 Laurus nobilis 
20 USA, CA P1511-A2 Laurus nobilis 
21 Germany P1577-A1 
Rhododendron 
Catabiense 
22 UK, Cornwall 
  P1616-A1 
 
Nothofagus 
cunninghamii 
2.7.3 Extraction of Aspergillus foetidus dsRNA from 50% glycerol stock suspensions 
An aliquot from a stock suspension containing Aspergillus foetidus virus F was diluted with 
nuclease free water to 4% glycerol and SDS was added to 0.1% of the final volume. The 
mixture was incubated at 60oC for 30 min to disrupt the viral particles. The dsRNA was then 
extracted twice with phenol, followed by two Sevag extractions (Sevag et al., 1938); dsRNA 
was then precipitated overnight and resuspended in the desired volume the following day. 
2.7.4 Aspergillus fumigatus 
Thirty nine isolates of A. fumigatus provided (Table 2.3) courtesy of the Chelsea and 
Westminster Hospital Special Trustees through Dr David Shanson and Dr Michael Petrou, 
were screened for presence of dsRNA elements. Isolates were provided in the form of 
spores and were re-grown to obtain mycelia in bulk. The stages which were required to grow 
and process mycelia are schematically presented below (Fig. 2.1). 
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Figure 2.1 Schematic representation of stages involved in growing Aspergillus fumigatus 
mycelia 
 
Table 2.3 List of Aspergillus fumigatus isolates obtained courtesy of the Chelsea and 
Westminster Hospital Special Trustees through Dr David Shanson and Dr Michael Petrou 
screened for presence of dsRNA elements 
Serial 
No. 
Accession No. Isolate No. 
1 40010 A-49 
2 40020 A-50 
3 40023 A-51 
4 40027 A-52 
5 40042 A-53 
6 40047 A-54 
7 40069 A-55 
8 40093 A-56 
9 40096 A-57 
10 40117 A-58 
11 40125 A-60 
12 40134 A-61 
13 40141 A-62 
14 40155 A-63 
15 40159 A-64 
16 40171 A-65 
17 40190 A-66 
18 40192 A-67 
19 40194 A-68 
20 40215 A-69 
21 40221 A-70 
22 40223 A-71 
23 40235 A-72 
24 40275 A-73 
25 40298 A-74 
   68 
26 40303 A-75 
27 40317 A-76 
28 40339 A-77 
29 40350 A-78 
30 40357 A-79 
31 40359 A-80 
32 40402 A-83 
33 40424 A-84 
34 40425 A-85 
35 40433 A-86 
36 40439 A-87 
37 40443 A-88 
38 40455 A-89 
39 40470 A-90 
2.7.5 Glycerol stocks of Aspergillus fumigatus isolates 
Glycerol stocks of useful and dsRNA-infected A. fumigatus isolates discovered during 
screening were made with the aim of preservation and convenience. Spores from the 
respective plates were inoculated in 1 ml of 50 % glycerol (VWR) and stored at -20oC.  
2.7.6 Basic nucleic acid manipulations 
2.7.6.1 Phenol/chloroform + Sevag extraction 
Phenol was melted at 68oC, mixed with 0.1% parahydroxy-quinoline (Sigma) and then 
equilibrated five times with 0.1 M Tris-HCl (pH 8.5) before storage in a dark bottle at 4oC. For 
extraction, equal volumes of aqueous solutions of nucleic acids and phenol were mixed and 
vortexed to denature proteins. The suspensions were centrifuged (13,000 x g; 5 min) to 
separate the two phases. The aqueous phase was removed and an equal amount of Sevag 
(chloroform and iso-amyl alcohol in a 24:1 (v/v) ratio) was added and centrifuged (13,000 x 
g; 3 min) after vortexing in order to remove residual phenol. Nucleic acids were then 
precipitated from the aqueous phase as below in section 2.7.6.2.  
2.7.6.2 Nucleic acid precipitation 
Nucleic acids were precipitated by the addition of 1/10 vol 3 M sodium acetate (pH 5.5) and 
2.5 vols of absolute ethanol. The solution was immediately inverted and allowed to 
precipitate overnight at -20oC.  Precipitated nucleic acids were collected by centrifugation 
(13,000 x g; 20-25 min) at 4oC. The supernatant was discarded and 70% ethanol (w/v) was 
added to wash the pellet and the mixture was re-centrifuged (13,000 x g; 20-25 min) at 4oC. 
The supernatant was discarded and the pellet was dried under a lamp. Pellets were 
resuspended in water and put on ice for 30 min. The resuspended solutions were 
electrophoresed to detect nucleic acids or stored at -80oC.  
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2.7.6.3 Agarose gel preparation and electrophoresis 
For the separation and visualisation of nucleic acids, agarose gel electrophoresis was used. 
Gels were prepared by melting molecular grade agarose (Bioline) to a final concentration of 
0.8-2.0 % (w/v) in 1x TAE buffer (10x TAE: 400 mM Tris-base [pH 8.0], 11.4 ml/l glacial 
acetic acid, 10 mM EDTA). Ethidium bromide (Sigma) was added to a final concentration of 
50 g/100ml when the temperature was 55-60oC. The gel was poured immediately after 
mixing into a cast (100 mm x 65 mm, 1mm thick), and left to set for 45 min. The samples 
were mixed in 5x loading buffer (50 % glycerol, 0.2 % bromophenol blue) before loading. The 
gel was electrophoresed at 30-80 V in 1x TAE for 2 h. The bands were observed under a 
short-wave ultraviolet transilluminator and analysed using the Multianalyst software (Bio-
Rad).  
2.7.6.4 Recovery of dsRNA from agarose  
The BIO-101 RNaid Kit (Anachem) was used to recover dsRNA from agarose gels. After 
electrophoresis, the desired band was excised. Three vols of RNA binding salt were added 
after roughly estimating the weight of the agarose. Acetic acid (10%) in the ratio of 2 l per 
0.5 ml of liquid was added to adjust the pH between 5.0-5.5 in order to increase the recovery 
efficiency of RNA recovery. The solution was incubated at 50oC for 10 min with inversion of 
the tube every 2.5 min until the agarose was completely melted. RNA matrix solution was 
added to the mixture and the whole vortexed to produce a homogeneous solution. The 
solution was incubated for 10 min with occasional mixing every 2 min to assist RNA 
adsorption. The tube was centrifuged (13,000 x g; 1 min) and the supernatant was set aside. 
The pellet was resuspended in 65 l of nuclease free water before washing twice with wash 
buffer. The mixture was incubated at 50oC for 5 sec and the supernatant was collected in a 
new cold tube after centrifugation (13,000 x g; 3 min). The procedure was repeated and the 
supernatants collected, pooled and the dsRNAs precipitated (section 2.7.6.2). The resulting 
pellet was resuspended in water to recover dsRNA and electrophoresed on a 1% agarose 
gel to confirm successful extraction of the nucleic acid. 
2.7.6.5 Purification of dsRNA 
The dsRNA solutions were routinely treated with DNAse1 and S1 nuclease in order to 
remove any traces of contaminating dsDNA and RNA extracted from fungal mycelium. 
For the removal of dsDNA, 20 l of dsRNA sample was added to 3 l 10x DNAse1 buffer 
(400 mM Tris-HCl [pH 8.0 at 25oC], 100 mM MgSO4,10 mM CaCl2, Stop buffer (20 mM 
EGTA, pH 8.0 at 25oC}, Promega), 2 l DEPC-treated water and 5 l DNAse1 (Promega). 
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The mixture was incubated at 37oC for 30 min. The enzyme was removed by phenol 
extraction (section 2.7.6.1). 
S1 nuclease is used for the removal of ssRNA from dsRNA solutions. Here 20 l of dsRNA 
was added to 3 l 10x S1 nuclease buffer (0.5 M sodium acetate [pH 4.5 at 25oC], 2.8 M 
NaCl, 45 mM ZnSO4, Promega), 6 l DEPC-treated water (1 ml of 0.1% 
Diethylpyrocarbonate (DEPC)/l and autoclaved)) and 1 l S1 nuclease (1 U/l). The enzyme 
was removed by phenol extraction (section 2.7.6.1).  
2.7.6.6 Recovery of DNA from agarose  
QIAEX II kits (Qiagen) were used to recover DNA from agarose gels. After electrophoresis, 
DNA bands were excised from gels and 350 l of DNA binding salt buffer added. The 
solution was incubated at 50oC for 10 min to melt the agarose; 13 l of DNA binding matrix 
(QIAEX II) was added. The pellet was air dried for 20 min at room temperature after washing 
twice with QX1 solution and with PE buffer. The pellet was resuspended in 20 l of water, 
vortexed and then incubated for 5 min. The tube was centrifuged (13,000 x g, 1 min) and the 
clear supernatant was collected in a new cold tube. The remaining contents of tube were 
resuspended in 20 l of water, vortexed, incubated for 5 min and the supernatant collected 
after centrifugation (13,000 x g; 1 min). The two aliquots were pooled together and an aliquot 
electrophoresed on a 1% agarose gel to confirm successful extraction of DNA and the 
remainder stored at 4oC. 
2.7.6.7 DNA purification using PCR purification kits  
For the routine cleaning of PCR reactions the QIAquick Purification kit (Qiagen) was used. 
Five vols of PB binding buffer were added to the sample and mixed by inversion. The 
mixture was passed through a QIAquick column and centrifuged at maximum speed for 1 
min followed by washing with 700 l of PE buffer (10 mM Tris- HCl [pH 7.0]). The DNA was 
eluted in 50 l of nuclease free water by centrifugation (13,000 x g; 1 min). 
2.7.7 Extraction of viral dsRNA. 
DsRNA was extracted from fungal tissues using different methods depending upon the 
quantity and need.  
2.7.7.1 Extraction of total nucleic acid (LiCl fractionation).  
This procedure is adapted from Hull and Covey (1983) and is schematically represented in 
Fig. 2.2. Fungal mycelia were harvested and powdered in liquid nitrogen. Extraction buffer 
(50 ml/l Tris-HCl buffered phenol [Sigma], 60 g/l 4-aminosalicylate [Sigma], made up to the 
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desired volume with autoclaved 50 mM Tris-HCl, [pH 8.4]) was added to the powder and the 
mixture shaken on an ice plate for 60 min. The mixture was centrifuged (15,300 x g; 40 min). 
The aqueous supernatant containing total nucleic acids was transferred into a sterile 
centrifuge tube and phenol: chloroform extracted (section 2.7.6.1) to deproteinise the nucleic 
acids. The mixture was centrifuged (15,300 x g; 30 min) on each occasion. After extraction, 
LiCl (Sigma Aldrich) fractionation was carried out according to Diaz-Ruiz and Kaper (1978). 
The supernatant was transferred to a sterile tube and an equal amount of 4 M LiCl was 
added, mixed and then incubated overnight at 4oC. The solution was then centrifuged 
(15,300 x g; 30 min) to pellet the precipitated ssRNA. The supernatant was transferred to a 
sterile tube and an equal volume of 8 M LiCl added, mixed and incubated overnight at 4oC. 
The solution was centrifuged at (15,300 x g; 45 min) to collect the dsRNA. A sample (1ml) 
was taken from solution before discarding it carefully leaving the pellet. This sample was 
used as negative control (eluate). The pellet was then resuspended in water. The dsRNA 
was then precipitated from the aqueous phase as described in section 2.7.6.2 and either 
stored as a precipitate at -70oC or dried, and resuspended in water for further manipulation.  
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Homogenised mycelia + extraction buffer 
15,300 x g; 30 min 
Supernatant + phenol 
15,300 x g; 30 min 
Supernatant + chloroform 
15,300 x g; 30 min 
Supernatant + LiCl (4M) precipitation 
15,300 x g; 30 min 
Supernatant + LiCl (8M) precipitation 
overnight 
15,300 x g; 45 min 
dsRNA ethanol precipitation at -20°C 
DNase/S1 nuclease treatment 
Phenol/Sevag treatment 
Ethanol precipitation overnight at -20°C 
1% agarose gel 
 
Negative control (eluate) 
Figure 2.2 Schematic diagram of steps involved in LiCl extraction of dsRNA 
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2.7.7.2 Virus purification  
The virus from A. fumigatus isolate A-56 was purified using differential centrifugation (Kim 
and Bozarth, 1985). Harvested mycelia was removed from -80oC storage and allowed to 
thaw. Then 10g of silica carbide C6 was added per 25 g of mycelia. Mycelia were then 
homogenised with silica carbide (abrasive grade) in a pestle and mortar using 20 ml/25 g of 
cold PBK buffer (0.1 M disodium hydrogen phosphate (Na2HPO4.2H2O), 0.1 M sodium 
dihydrogen orthophosphate 1-hydrate (NaH2PO4.H2O), 0.1 M potassium chloride (KCl)/l, pH 
[7.0]) to resuspend the homogenate. The mixture was then stirred at 4oC for 4 h. Cell debris 
was then removed by centrifugation (12,000 rpm; 45 min) in a Beckman JA-14 rotor at 4oC. 
The supernatant was transferred into a beaker and polyethylene glycol (PEG; Sigma) and 
NaCl (Melford) was added to achieve 10 % (w/v) and 0.15 M concentrations respectively. 
The solution was stirred at 4oC for 2 h to precipitate virions. Precipitated virions were pelleted 
by centrifugation (12,000 rpm; 45 min) in a Beckman JA-20 rotor at 4oC. The supernatant 
was discarded and the pellets were resuspended in a small amount of cold PBK buffer. Virus 
particles were pelleted by ultracentrifugation (30,000 rpm; 3.5 h) in a Beckman Type 35 rotor 
at 4oC. The pellet was resuspended in 1 ml of cold PBK buffer and layered on top of a 
continuous sucrose density gradient (10 %-50 %, prepared in PBK buffer). 
Ultracentrifugation (33,700 rpm; 3 h) in a Beckman SW 41Ti rotor at 4oC was then performed 
to band the virus particles according to its relative density. 
2.7.7.3 Extraction of viral dsRNA using cellulose CF-11  
The protocol was adapted from Coffin and Coutts (1992) for the extraction of dsRNA from 
plant tissues. Freshly harvested 100 gm of mycelia was homogenised in liquid nitrogen and 
added into a mixture containing 150 ml GPS (GPS buffer 5x: 87.66 g NaCl, 37.54 g glycine, 
35.49 g Na2HPO4, [pH 9.5]), 150 ml GPS-saturated phenol, 150 ml Sevag, 15 ml 10 % SDS 
and 1.5 ml β-mercaptoethanol and was left to stir at 4oC for 1 h. The material was strained 
through a double layered muslin cloth to remove solid material and subjected to 
centrifugation (13,000 x g; 10 min) at 4oC. The aqueous phase was removed and ethanol 
was added to a final concentration of 17% together with CF-11 cellulose (3 g/l) and the 
mixture stirred for 1 h to allow binding of dsRNA and then centrifuged (13,000 x g; 10 min). 
The resulting pellet was resuspended in ca. 45 ml of STE buffer (STE buffer 10x: 29.22 g 
NaCl, 30.29 g Tris-HCl, 1.86 g EDTA, 500 ml H2O, [pH 7.5] ) with 17% ethanol and shaken 
for 5 min and the cellulose was repelleted by centrifugation (2000 x g; 2 min). This step was 
repeated four times. The dsRNA was eluted using 20 ml of STE buffer (without ethanol) in 
four steps and centrifuged as before, with the final elution being left for 1 h on a rotating 
wheel to maximise yield. The combined supernatants were collected and centrifuged (23,700 
x g; 30 min) to remove any residual cellulose. Nucleic acids were then precipitated from the 
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supernatant as described in section 2.7.6.2. Following overnight precipitation dsRNA was 
pelleted, dried and resuspended in 1 ml aliquots and frozen at -80oC prior to be being treated 
with DNase and S1 nuclease (Section 2.7.6.5) and agarose gel electrophoresis analysis. 
2.7.7.4 Extraction of total RNA (RNeasy Plant Mini Kit) 
For the extraction of total RNA from mycelium the RNeasy plant minikit (QIAGEN) was used. 
Approximately 100 mg of mycelia was crushed under liquid nitrogen and immediately put into 
an Eppendorf tube. An appropriate amount of buffer RLC (450 l) containing β-
mercaptoethanol (320 mM) was added and vortexed vigorously for 30 sec followed by 
incubation at 56oC for 3 min. The lysate was transferred to a QIAshredder spin column 
placed in a 2 ml collection tube and centrifuged (13,000 x g; 2 min). The supernatant was 
carefully pipetted into a new Eppendorf tube without disturbing the pellet and 0.5 vols of 
ethanol was added to the cleared lysate and mixed immediately by pipetting, followed by 
transfer of the sample to an RNeasy spin column placed in a 2 ml  collection tube and 
centrifuged (13,000 x g; 15 sec). The flow through was discarded and 650 l of buffer RW1 
was added to the column, gently closing the lid and centrifuged again (13,000 x g; 15 sec) 
followed by addition of 450 l of buffer RPE to the column after discarding the flow through 
and re-centrifugation (13,000 x g; 15 sec). The step was repeated after discarding the flow 
through and the column was placed in a new collection tube and centrifuged (13,000 x g; 1 
min) to remove any residual RPE buffer. The column was placed in a new 1.5 ml collection 
tube and 30 l of sterile water was added and centrifuged (13,000 x g; 1 min) to elute the 
RNA. 
2.7.7.5 Extraction of dsRNA (small scale extraction). 
The protocol used was adapted from Coenen et al. (1997) and was used to identify the 
presence of dsRNA in small amounts of mycelia. Approxiately 500-1000 mg of mycelia was 
homogenised in liquid nitrogen and 350 l of extraction buffer (20 mM EDTA, 20 mM Tris-
HCl [pH 7.5], 1% SDS and 1% NaCl) added and the solution was vortexed vigorously for 30 
sec in a 2 ml Eppendorf tube. The mixture was incubated at 70oC for 1 h and an equal 
amount of phenol and Sevag added, vortexed and centrifuged (11,000 x g; 15 min) following 
incubation. After centrifugation, 500 l of Sevag was added to the supernatant, vortexed and 
re-centrifuged (11,000 x g; 10 min). The resulting nucleic acid was precipitated with 2.5 vols 
of 100% ethanol for 4 h. Samples were subjected to centrifugation (11,000 x g; 10 min) and 
after discarding the supernatant pellets were dried for 15-20 min and resuspended in 
appropriate amounts of water and analysed on 1% agarose gels. 
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2.7.8 Genome walking technique 
In order to characterise and sequence the viruses studied, a genome walking technique was 
adapted in which primers were designed on the basis of known sequence and RT-PCR was 
performed.   
2.7.8.1 Primer design 
Primers designed for cloning purposes were 18-22 bases in length and in most cases had a 
melting temperature of between 60oC-75oC. Care was taken during primer design so that no 
primer/dimer structures or other structures (primary or secondary) could form and that the 
G/C content of any particular primer was at least 40-60%. These features were checked on 
the Sigma-Genosyswebsite:http://www.sigma-genosys.com/calc/DNACalc.asp from where 
all primers were purchased. 
2.7.8.2 Reverse Transcription Polymerase Chain Reaction (RT-PCR) amplification 
with dsRNA template 
DsRNA (8 l) extracts from various sources were denatured by mixing with 2 l methyl 
mercury (CH3HgOH; 100 mM, SERVA) and 1l of a sequence-specific oligonucleotide primer 
(100 M). The mixture was incubated at room temperature for 20 min, and then chilled on ice 
for 1 min.  For first strand cDNA synthesis, denatured dsRNA was added to the first strand 
cDNA synthesis reaction mixture, that had been pre-heated at 50-55oC for 1 min. The entire 
mixture was incubated at 55oC for 1 min followed by addition of 1 l (200 U/l) of 
SuperscriptTM III RNase H-Reverse Transcriptase (Invitrogen). The reaction was then 
incubated at 55oC for 1 h. 
First strand cDNA synthesis reaction mix: 
Reverse transcription buffer (5x, Invitrogen)     10 l  
DTT (100 mM, Invitrogen)       4 l  
RNasinTM RNase inhibitor (40 U/l, Promega)    1.25 l  
dNTP mix (20 mM, Promega)      1 l  
Sterilised distilled water       23.75 l  
The solution was then size-fractioned and concentrated using a Nanosep 30K column 
(Millipore). The volume of the first strand cDNA solution was increased to 500 l with H2O 
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and centrifuged in the column (2000 x g; 10 min), resulting in the recovery of ca. 150 l of 
solution. A polymerase chain reaction (PCR) amplification reaction was then set up using 
serial dilutions of the cDNA. One third volume of cDNA was used in undiluted, or at 1/10 and 
1/100 dilutions. 
PCR Mixture 
First strand cDNA        50 l  
PCR reaction buffer (10x, Bioline)      10 l  
MgCl2 (50 mM)        4 l  
Sequence specific primer (100 M)      1 l  
Random hexamer (100 M)       1 l 
dNTP mix (20 mM, Promega)      1.2 l  
Sterile distilled water        32.3 l  
Polymerase (GoTaq DNA polymerase [5 U/l; Promega],   0.5 l 
Prime star [2.5 U/l; Takara] and Pfu DNA polymerase [2-3 U/l; Promega]) 
The reaction was run in a PCR thermocycler (Hybaid) using the thermocycling conditions 
depending upon the polymerase used (see below). One tenth of each reaction mixture was 
electrophoresed in a 1% agarose gel (section 2.7.6.3) in order to check the size of any 
amplicons produced.  
2.7.8.3 Thermocycling conditions used in PCR thermocycler 
Different enzymes were used during PCR amplification depending upon requirements. 
Different enzymes require specific thermocycling conditions for amplification and the 
thermocycling programmes used are listed below: 
Thermocycling condition 1 (used for GoTaq DNA polymerase) 
96oC for 5 min         1 cycle 
96oC for 30 sec/50oC for 30sec/72oC for 2 min    32 cycles 
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72oC for 10 min        1 cycle 
Thermocycling condition 2 (used for Takara prime star) 
98°C for 10 sec.         
55°C for 5 sec.         30 cycles 
72°C for 3 min  
4°C          forever 
Thermocycling condition 3 (used for Pfu DNA polymerase) 
96°C for 2 min.        1 cycle 
96°C for 30 sec / 58°C for 30 sec / 72°C for 4 min    30 cycles 
72°C for 10 min        1 cycle 
4°C          forever 
2.7.8.4 RNA linker-mediated rapid amplification of cDNA ends (RLM RACE) 
This procedure was taken from Coutts and Livieratos (2003). In this procedure a primer (LIG-
Rev [5‟-kinated-PO4; 3‟-OH-blocked (amino modified]; 5‟-GATCCAACTAGTTCTAGAGCGG 
[3AC7] is ligated to the 3‟-end of dsRNA using T4 RNA ligase (New England Biolabs [NEB]). 
To achieve this 7 l aliquot of dsRNA was added to 1 l of LIG-Modified REV primer, and the 
mixture heated to 90°C for 2 min followed by snap cooling on ice. The ligation mixture was 
prepared as described below: 
                                                                                     Final concentrations 
1 l 2 M MgCl2       20 mM 
10 l DMSO        10% 
2.5 l RNase inhibitor       1 U/l 
2.5 l 2 M HEPES 
(4-[2-hydroxyethyl] -1-piperazineethanesulfonic acid)  50 mM 
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5 l DTT (100mM)       5 mM 
Sterile distilled water        to 100 l 
1 l ATP         1 mM 
5 l T4RNA ligase (NEB)        100 U 
The RNA ligase was added last and the mixture centrifuged briefly prior to incubation at 17oC 
for 15 h. When the buffer supplied by the manufacturer with the T4 RNA ligase was used in 
the ligation reaction, only DMSO, RNase inhibitor and RNA ligase were used for setting up 
the reaction. Here 10 l of buffer was added to 64.5 l of water and incubated at 37oC for 10 
min after that DMSO and RNase inhibitor were added followed by addition of RNA ligase and 
mixture was incubated at 17oC for 15 h. After incubation, sterile water was added to increase 
the reaction volume to 500 l and the solution was then size-fractioned and concentrated 
using a Nanosep 30K column (VWR) by centrifugation (2000 x g; 10 min), resulting in the 
recovery of ca. 150 l. The ligated nucleic acid was precipitated as before (section 2.7.6.2) 
and following pelletting and drying was resuspended in 7 l of sterile water and put on ice for 
20 min. The ligated dsRNA was then denatured by adding 2 l of CH3HgOH (100 mM, 
SERVA) together with 1 l (100 M) of (LIG-For primer; 5‟- 
CCGCTCTAGAACTAGTTGGATC-3‟). The mixture was incubated at room temperature for 
20 min, and then chilled on ice for 1 min.  For first strand cDNA synthesis, denatured dsRNA 
was added to the first strand cDNA synthesis reaction mixture, that had been pre-heated at 
50-55oC for 1 min. The entire mixture was incubated at 55oC for 1 min followed by addition of 
1 l of SuperscriptTM III RNase H-Reverse Transcriptase (200 U/l; Invitrogen). The reaction 
was incubated at 55oC for 1 h.  
First strand cDNA synthesis reaction mix: 
Reverse transcription buffer (5x, Invitrogen)     10 l  
DTT (100 mM, Invitrogen)       4 l  
RNasinTM RNase inhibitor (40 U/l, Promega)    1.25 l  
dNTP mix (20 mM, Promega)      1 l 
Sterilised distilled water       23.75 l 
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The solution was then size-fractioned and concentrated using a Nanosep 30K column as 
before (section 2.7.8.2). The volume of the first strand cDNA solution was increased to 500 
l with H2O and centrifuged in the column (2000 x g for 10 min), resulting in the recovery of 
ca. 150 l of solution. A PCR amplification reaction was then set up as described below: 
PCR Mixture: 
First strand cDNA                  50 l  
PCR reaction buffer (5 X, Promega)                20 l  
LIF-FOR primer (100 M)        1 l  
Sequence specific primer (100  M)       1 l  
dNTP mix (20 mM, Promega)       1.2 l  
Sterile distilled water                  26.3 l  
GoTaq polymerase (5 U/l, Promega)      0.5 l  
The reaction was run in a PCR thermocycler (Hybaid) using thermocycling program 1 (see 
section 2.7.8.3). One tenth of each reaction mixture was electrophoresed in a 1% agarose 
gel (Section 2.7.6.3) in order to check the size of any amplicons produced.  
2.7.9 Bacterial strains  
The following Escherichia coli (E.coli) strains were used:-  
E.coli JM109 (Promega) was used for cloning. The genotype of this strain is: traD36 proA+ 
proB+ lacIq lacZΔM15/recA1 gyrA96 (Na1r) thi hsdR17 supE44 relA1 Δ (lac-proAB) mcrA.   
E.coli Strain BL21 (DE3) Codon Plus RIPL (Stratagene) was used for protein expression. 
The genotype of this strain is: B F¯ ompT hsdS (rB ¯ mB
¯) dcm+ Tetr gal λ (DE3) endA Hte 
[argU proL Camr] [argU ileY leuW Strep/Specr].  
All bacterial strains were stored in the short term at 4oC, while storage for longer periods was 
performed in glycerol stocks (25% [v/v]) at -80oC. 
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2.7.10 Cloning vectors used in DNA cloning. 
The vectors used in E.coli cloning are listed below with their applications and antibiotic 
markers (Table 2.4). 
Table 2.4 List of vectors used for cloning in Escherichia coli (E. coli) 
 
Vector Source or reference Selection 
pGEM-T Easy (cloning) Promega Ampicillin 
pUC 18 (cloning) Fermentas Ampicillin 
pMBP-parallel 1 
(expression) 
Sheffield et al. (1998) Ampicillin 
pET-41 a(expression) Novagen Kanamycin 
2.7.11 Restriction digestion 
Restriction digestions were performed according to the manufacturer‟s recommendations 
(Promega/NEB). Approximately 1-2 g of DNA was digested with 10 or 20 U of a restriction 
enzyme in a 30 l reaction mixture in the presence of suitable buffers supplied with the 
enzymes for at least 1 h at 37oC. The reaction products were purified using the QIAquick 
PCR purification kit (see section 2.7.6.7) to remove endonucleases and salts. Digestions 
were checked by electrophoresis of the products on 1% agarose gels prior to any further 
manipulations.  
2.7.12 Ligation of double stranded DNA 
Insertion of DNA fragments into an appropriate vector was achieved using T4 DNA ligase 
(Promega) in a total volume of 20 l containing 3 l vector DNA, 9 l of DNA fragment, 2 l 
10 × ligase buffer (10 × buffer: 300 mM Tris-HCl [pH 7.8 at 25oC], 100 mM MgCl2, 100 mM 
DTT, 10 mM ATP) (Promega), 5 l of SDW and 1l T4 DNA ligase (Promega). Most ligations 
were successful when the vector to insert weight ratio was 1:3.  
Normally PCR products were ligated into pGEM-T Easy vector (Promega). Here 3 l of PCR 
DNA product was added to 5 l of 1xT4 ligation buffer, 1 l of pGEM-T Easy plasmid and 1 
l of T4 DNA ligase.  
All ligation reactions were performed at 4oC for a minimum of 16 h.  
 
 
   81 
2.8 Preparation of E. coli JM109 competent cells  
2.8.1 Transformation storage solution (TSS) method 
 
This method was adapted from Chung et al., (1989) for the preparation of competent cells. 
The cells were grown overnight in 5 ml LB broth at 37oC. The overnight culture was diluted 
1:1000 into 50 ml LB broth and incubated at 37oC until an OD 0.35-0.45 at 600 nm was 
reached. The cells were chilled on ice for 5 min in pre-cooled 50 ml centrifuge tubes before 
centrifugation (2,000 x g; 10 min) at 4oC. They were then resuspended in 5 ml chilled TSS 
(section 2.6.1) and aliquoted into Eppendorf tubes, flash-frozen with liquid nitrogen and then 
stored at – 80oC. 
2.8.2 The CaCl2 method 
A small aliquot of frozen E.coli JM109 cells (Promega) were inoculated into sterile LB broth 
(5 ml) and allowed to grow overnight at 37oC in a shaker. Then 1 ml of the overnight culture 
was added to sterile LB broth (100 ml) in a 250 ml flask and allowed to grow at 37oC until the 
OD (at 600 nm) reached 0.3-0.5. Cells were then placed on ice for 5 min and an equal 
amount of culture (25 ml) was aliquoted into four (50 ml) universal tubes and centrifuged 
(2,000 x g; 10 min) at 4oC. Supernatants were decanted carefully without disturbing the 
pellets. Cold 12.5 ml CaCl2 (100 mM) was added to each pellet and mixed with care on ice 
for 20 min.  Centrifugation as above was repeated and the supernatant was removed prior to 
finally resuspending the pellets very carefully in 1 ml storage buffer (300 l of 100% glycerol 
(VWR) plus 700 l of 100 mM CaCl2). The cells were stored at -80
oC for future use. 
2.9 Transformation of competent E coli cells 
Competent E. coli JM109 cells, previously stored at -70oC were left to thaw on ice and an 
aliquot of 50 l was carefully transferred to a 10 ml plastic tube with minimal pipetting, 
followed by the addition of 5 l of the ligated DNA for transformation. The tube was rapidly 
flicked to mix, and then kept on ice for 20 min. The cells were heat shocked for 45 sec at 
42oC, then returned to ice for a further 2 min. Then 900 l of the chilled SOC broth (section 
2.6.9) was added to the mixture, which was then incubated with shaking (ca. 150 rpm) for 60 
min at 37oC. The cells were pelleted (13,000 x g; 10 sec), resuspended in 150 l SOC and 
spread on Luria-Bertani (LB) medium (section 2.6.10) in Petri dishes supplemented with 100 
g/ml ampicillin, 0.1 mM isopropyl-ß-D-thiogalactopyranoside (IPTG) (section 2.5.1) and 50 
g/ml 5-bromr-4-chloro-3-indolyl-ß-D-galactoside (X-Gal) for blue/white selection (section 
2.5.2). The plates were incubated at 37oC for 14-16 h.  
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Colonies representing recombinant plasmids were identified using blue/white screening. 
Recombinant white colonies were inoculated into 5 ml LB broth containing ampicillin (see 
Table 2.1) and incubated overnight in a shaking incubator (200 rpm) at 37oC.  
2.10 Isolation of plasmid DNA  
For isolation of plasmid DNA, the QIA prep Spin Miniprep kit (Qiagen) was used. Bacterial 
cultures (1-3 ml), grown from a single colony overnight in 10 ml tubes, were centrifuged 
(2000 x g; 2 min) and the pelleted bacterial cells resuspended in 250 l of P1 buffer (50 mM 
glucose, 25 mM Tris-HCl (pH 8.0), 10 mM EDTA [pH 8.0] and 100 g/ml RNase A) by pipette 
mixing (until no cell clumps were visible), and transferred to a fresh Eppendorf tube. The 
cells were lysed by the addition of 250 l P2 buffer (0.2 N NaOH and 1% SDS) and inversion 
of the mixture. When the suspension was clear, 350 l of neutralisation, buffer N3 (3 M 
guanidine-HCl [pH 4.8]), were added and the mixture inverted gently. After centrifugation 
(13,000 x g; 10 min), the supernatant was collected and passed through a QIA prep spin 
column. The column was washed once with 750 l of PE buffer (10 mM Tris-HCl [pH 7.0]), 
(ethanol added) and the DNA was eluted in 50 l of nuclease free water by centrifugation 
(13,000 x g; 1 min).  
2.11 Sequencing and sequence analysis  
The sequence of each recombinant DNA was obtained using the MRC facility at 
Hammersmith Hospital where samples were processed as plates of 96 on the Applied 
Biosystems Ltd 3730xl DNA Analyzer. For each sequencing reaction 8.46 l of the template 
DNA was mixed with 1.54 l of appropriate primer making a final volume of 10 l. All 
samples were sequenced five times in order to be sure of the sequence. Sequence data 
were analysed, aligned and compared for similarity with database accessed sequences 
using the BLAST package of program on the NCBI web server (Altschul et al., 1990) and 
LALIGN and MULTALIN alignment programs on the Wikipedia web server. Multiple 
sequences were aligned using the Clustal_X program (Thompson et al., 1997) and the 
alignment corrected and highlighted manually using GENEDOC (Nicholas et al., 1997). 
http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi?CMD=Web&PAGE_TYPE=BlastHome (Blast 
program) 
http://www.ch.embnet.org/software/LALIGN_form.html (LALIGN) 
http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html (MulTALIN) 
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Plasmids containing inserts of interest were sequenced using universal primers. When 
inserts were larger than 500 bp, clones were also sequenced using the reverse primer. 
M13 FORWARD (Universal)  5-GTAAAACGACGGCCAGT-3  
M13 REVERSE   5-AACAGCTATGACCATG-3 
2.12 Construction of full length cDNA clones of dsRNA. 
In order to construct full length cDNA clones of individual mycovirus dsRNA elements, 
primers were designed to amplify both ends of the sequence (5‟- and 3‟-) with unique 
restriction sites on both ends and additional filler sequences to facilitate restriction digestion. 
In addition, the T7 promoter sequence (5‟-TAATACGACTCACTATAG-3‟) was engineered 
into both 5‟- and 3‟- ends. RT-PCR (section 2.7.8.2) was carried out using the upstream and 
downstream primers and the fragment was cloned (section 2.7.10-2.11) into doubly 
restricted and dephosphorylated pUC18 vector (see Table 2.4). 
2.13 In vitro transcription of dsRNA 
Insertion of a cDNA copy of the smallest component of the A. fumigatus chrysovirus dsRNA 
genome (dsRNA4) into pUC18 produced the recombinant plasmid pAJ01. Plasmid pAJ01 
was linearised and template DNA generated by PCR was used for in vitro transcription of 
dsRNA using the MEGAscript RNAi kit (Ambion). 
Transcription reactions were performed in a total volume of 20 l at room temperature and 
contained 6 l nuclease free water, 2 l linear template DNA (1-2 g), 2 l 10 X T7 reaction 
buffer, 2 l each ribonucleotide solution (rATP, rCTP, rGTP and rUTP) and finally 2 l T7 
RNA polymerase. The reaction tube was gently flicked or mixed with pipetting up and down 
and briefly centrifuged to collect the reaction mixture at the bottom of the tube. The reaction 
mixture was incubated for 37oC for 4 h followed by incubation at 75oC for 5 min then the 
mixture left to cool at room temperature. The dsRNA generated was subjected to 
DNase/RNase treatment to remove template DNA and any ssRNA that did not anneal. For 
this purpose 50 l of a total reaction mix was made containing 20 l of synthesised dsRNA, 
10 l of 10 x digestion buffer, 2 l each of DNase and RNase and nuclease free water up to 
50 l (provided with the kit). The reaction was incubated at 37oC for 1h. After incubation, the 
dsRNA was further purified to remove any protein, free nucleotides, and nucleic acid 
degradation products from the dsRNA. This was achieved in a 500 l mixture by mixing 50 l 
dsRNA, 50 l 10 X binding buffer, 250 l of ethanol and 150 l nuclease free water. After 
mixing the solution by pipetting up and down, the entire binding mix was put onto the filter in 
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the filter cartridge (provided with the kit) and drawn through by centrifugation (13,000 x g; 1 
min). The flow through was discarded and the collection tube was replaced. The filter was 
washed twice with 500 l of a wash solution by pipetting it on the filter and drawing it through 
by centrifugation (13,000 x g; 1 min) and discarding the wash solution. After these washing 
steps the filter was centrifuged (13,000 x g; 1 min) to remove any traces of wash solution. 
The filter was placed in a new collection tube and 50 l of elution buffer (pre-heated at 
~95oC) was added and centrifuged (13,000 x g; 2 min). Elution buffer (50l) was again 
added to recover any remaining RNA which was examined by electrophoresis on an agarose 
gel to examine the integrity and efficiency of duplex dsRNA formation.   
2.14 Quantitation of nucleic acid 
For the quantitation of nucleic acids a spectrophotometer and a nanodrop were used: 
2.14.1 Spectrophotometry 
A spectrophotometer was used for quantitation of nucleic acids, proteins and for the 
measurement of the optical density (OD) of bacterial cultures. Samples were placed in 
plastic or quartz cuvettes with a 1 cm path length and absorbance of light at an appropriate 
wavelength was compared with that of appropriate blank samples and concentrations 
calculated according to the relationship: 
1 A260 = 50 g/ml dsRNA or DNA 
1 A260 = 40 g/ml ssRNA 
The following equation can be used to quantify the dsRNA concentration. 
   A260 × dilution factor × 50 = g/ml dsRNA 
2.14.2 Nanodrop spectrophotometer 
For the quantitation of small amounts of nucleic acids, the Nanodrop 2000C (Thermo 
Fischer) was used according to the manufacturer‟s instructions. After cleaning the lower and 
upper optical surfaces of the microspectrophotometer and opening the nucleic acid module, 
2 l of deionised water was loaded on the lower optical surface and a blank measurement 
was taken. Nucleic acid sample was measured by loading 2 l of sample. The software 
automatically calculates the nucleic acid concentration if the appropriate constant has been 
chosen for the measurement (e.g. 50 for dsDNA or RNA and 40 for ssRNA).  
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2.15 Hybridisation of nucleic acid separated on non-denaturing agarose gels 
2.15.1 Nucleic acid blotting 
Non-denaturing agarose gel electrophoresis of dsRNAs was performed until the 
bromophenol blue in the loading buffer reached the end of the gel. The gel was 
photographed and nucleic acid fragmented by immersion in 0.25 N HCl for 15 min, followed 
by nucleic acid denaturation by soaking in 50 mM NaOH for 30 min. The nucleic acid were 
then neutralised twice in 2 x TBE (1 X TBE: 90 mM boric acid, 2 mM EDTA) for 15 min on 
each occasion. The gel was reversed and placed on top of three sheets of 3 mm Whatman 
paper, which served as a bridge with the blotting buffer (20 x SSC: 3 M NaCl, 0.3 M Sodium 
citrate [pH 7]). Pre-wetted Hybond-N membrane (Amersham) in 2 X SSC, exactly the gel 
size was placed on the top of the gel followed by three pieces of 3mm Whatman paper and 
paper towels 5 cm thick. The blot was covered with Saran wrap (Sigma) in order to prevent 
evaporation and a weight (~500gm) was placed on the top and the assembly left overnight 
so that nucleic acids were capillary transferred onto the membrane. After dismantling the 
assembly, the membrane was briefly rinsed in 2 X SSC and left to dry. Nucleic acids were 
fixed on the membrane by exposure to UV radiation for 60 sec using a Stratalinker 1800 
(Stratagene) at 120 mg/cm2. Membranes were prehybridised in 20 ml of a pre-hybridisation 
buffer (below) in a hybridisation oven in soda glass tubes at 65oC. 
Pre-hybridisation solution:- 
20X SSPE (3 M NaCl, 0.2 M NaH2PO4, 0.02 M EDTA [pH 7.4])  5 ml 
100X Denhardt‟s solution (for 0.51: 5 g Ficoll Type 400,    1 ml 
5 g PVP, 5 g BSA)  
Sheared denatured salmon sperm DNA (1mg/ml)    2 ml 
0.5% SDS         1 ml 
Sterile distilled water                       to 20 ml 
2.15.2 Radioactive labelling of DNA 
Radiolabelled probes for each of the four dsRNA components of the A. fumigatus 
chrysovirus genome were produced using representative recombinant clones for each 
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genomic component.  Plasmids were labelled with (³²P)-dCTP using the Klenow fragment 
of E. Coli DNA polymerase I (Promega) using the oligolabelling method of Feinberg and 
Vogelstein (1984).  Individual recombinant plasmids (5 l; 20 g/l) were heat denatured at 
95-1000C for 3', snap cooled on ice for 2 min and each added to a separate mixture below to 
achieve a final volume of 50 l  for each probe. 
Oligolabeling buffer (5 X)            10 µl  
Mixture of dGTP dATP AND dTTP (1.5 mM)                            2 µl each       
Nuclease-free bovine serum albumin (10 g/l)                       2 l 
[32] dCTP (50 Ci: 3000 Ci/mmol; GE.,Healthcare)                 2 l 
Nuclease-free water                      24 l 
Klenow fragment of DNA polymerase 1 (Promega)                    1 l 
The mixtures were incubated at room temperature for 60 min, denatured at 95-1000C for 3 
min, snap cooled on ice for 2 min and each added to a the respective pre-hybridised blots 
and the blots hybridised overnight at 650C. 
2.15.3 Washing of the membranes and autoradiography 
After hybridisation, the membranes were washed in washing solutions in the following order 
2 × SSPE (section 2.15.1), 0.1% (w/v) SDS    (Twice at 65oC) 
1 × SSPE, 0.1% SDS (w/v)                                    (Once at 65oC) 
0.1 × SSPE, 0.1% SDS (w/v)                                     (Once at 65oC) 
The membranes were wrapped in Saran wrap and exposed overnight or for longer periods of 
time to X-ray film (Kodak) at -80oC, using a cassette with an intensifying screen. 
2.16 Phenotypic screening of Aspergillus fumigatus  
Phenotypic screening was done in order to define scorable markers to distinguish between 
mycovirus infected isolates and cured isolates (see below). These screens were performed 
using A. fumigatus (isolate A-56) and another similar A. fumigatus strain CEA10, which were 
examined at different pH values (5.0, 8.0, 9.0 and 10.0) and under different nutritional 
conditions. Equal amounts of spores of both strains were point inoculated on ACM Petri 
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plates and left to dry. Plates were incubated at 37oC and were examined daily to note and 
any differences in morphology, growth pattern and rate noted until the plates were covered. 
2.17 Curing of Aspergillus fumigatus isolate A-56 from infection with a chrysovirus 
and eradication of dsRNA  
Attempts were made to cure A. fumigatus isolate A-56 from chrysovirus infection and 
eradicate the viral dsRNA by treatment with cycloheximide. Cycloheximide, which blocks 
translational initiation and elongation during protein synthesis, has been used before to 
successively cure several different fungi of mycovirus infection (Dalzoto et al., 2006; Elias 
and Coty, 1996; Robinson and Deacon, 2002; Yamada, 1991). To investigate the curing 
effect of cycloheximide a range of concentrations (0.01 mM to 150 mM) were investigated in 
solid ACM media in Petri plates which were inoculated with A. fumigatus isolate A-56, once 
the cycloheximide had been added to the medium at ~50oC and the agar allowed to solidify. 
Cycloheximide stock solutions of different concentrations (Table 2.5) were filter-sterilised 
before incorporation into media. All inoculated plates were incubated at 37oC until confluent 
mycelial growth was obtained and the phenotypic characteristics of the fungal growth 
patterns scored. In order to screen for any effect of cycloheximide treatment on the titre of 
individual genomic dsRNA components of the A. fumigatus chrysovirus small amounts of 
mycelia were harvested and total RNA extracted using the RNeasy kit (section 2.7.7.4) for 
RT-PCR (section 2.7.8.2). The oligonucleotide primers used in these assays were designed 
to generate amplicons not only representing fragments or complete coding regions predicted 
from the sequences of two of the four genomic components of the A. fumigatus chrysovirus, 
encoding the RdRp and CP but also to produce a fungal ribosomal RNA amplicon. In 
selected cultures, which were apparently dsRNA-free, attempts were made to purify the 
chrysovirus using the procedure used previously to successfully purify the virus from the 
uncured A-56 isolate (section 2.7.7.2). 
Table 2.5 Preparation of different concentrations of cycloheximide for curing. 
Desired 
concentration (mM) 
Amount in 25 ml 
(mg) 
0.01 0.070 
0.1 0.703 
1 7.033 
5 35.168 
10 70.337 
15 105.506 
50 351.687 
75 527.231 
100 703.543 
150 1055.062 
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2.17.1 Mycelial growth rate and biomass production of isogenic lines of virus-free and 
virus-infected A. fumigatus 
In order to determine the effects of chrysovirus infection on A. fumigatus the virus-free strain 
and the starting strain of A. fumigatus A-56 were analysed for mycelial growth rate on solid 
media and for biomass production in liquid media. For growth rate determination equal 
numbers of spores (500) of both isogenic lines were centrally inoculated onto MM (section 
5.1) and ACM (section 2.6.5) plates and incubated at 37oC. Colony diameters were 
measured every 24 h over a period of 5 days. For biomass production equal numbers of 
spores (3 x 108) of both isogenic lines were inoculated into 60 ml of ACM and MM broth in 
100 ml Erlenmeyer flasks and incubated at 37oC on a rotary shaker (130 rpm). Individually 
inoculated flasks were harvested daily for 5 days and mycelia harvested by filtration through 
Miracloth and the pellets dried at 37oC until their weight was constant. All experiments were 
performed in triplicate. Student‟s t test was used to analyse the data for differences in growth 
rate and biomass production.  
2.18 Virus transfection  
2.18.1 Protoplast transfection-using PEG 
This procedure was adapted from Szewczyk et al., (2007). Spores of Aspergillus fumigatus 
isolate Afv-237y were quantified (1x108) using a haemocytometer and inoculated into 20 ml 
of ACM in a Erlenmeyer flask (50 ml) and incubated with shaking (120-150 rpm) at 30oC 
overnight. Mycelium was harvested, washed with water, filtered through sterile Miracloth 
(VWR), and resuspended in 8 ml ACM (section 2.6.4) in a sterile 50 ml Erlenmeyer flask, 
loosely covered with aluminium foil and mixed after adding, 8 ml of 2 X filter sterilised (0.22 
m) protoplasting solution (10 ml KCl [1.1 M] citric acid [100 mM] solution, add 1.28 g 
Vinoflow FCE [Novo Nordisk; containing pectinase]. The mixture was incubated with gentle 
shaking at 30oC for 2 h and then layered on a 1.2 M sucrose cushion in a sterile, universal 
tube and centrifuged (1800 x g;10 min) at 4oC to remove any residual, undigested hyphal 
material. The protoplasts were collected gently from the top of the sucrose solution, placed in 
a sterile centrifuge tube and an equal volume of 0.6 M KCl was added and the solution was 
centrifuged again as above. The supernatant was discarded without disturbing the protoplast 
pellet which was resuspended in 2 ml of 0.6 M KCl. The solution was aliquoted equally into 
two sterile 1.5 ml Eppendorf tubes and protoplasts were pelleted by centrifugation (2400 x g; 
3 min) in a bench top microfuge with a fixed angle rotor. The supernatant was removed and 
the protoplasts were resuspended in 1 ml of 0.6 M KCl. This step was repeated twice and 
after discarding the supernatant the protoplasts were finally resuspended in 0.5 ml of a 0.6 M 
KCl, 50 mM CaCl2 solution. The contents of both Eppendorf tubes were combined in one 
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tube and re-centrifuged (2400 x g; 3 min) to pellet the protoplasts. The protoplasts were 
resuspended completely in 100 l of 0.6 M KCl, 50 mM CaCl2 solution by pipetting and 10 l 
(0.05 g/ml) of purified, filter sterilised virus added and the mixture vortexed briefly 6-8 times 
(1 sec on and 1 sec off). Then freshly filtered 50 l PEG solution (0.6 M KCl, 50 mM CaCl2 
and 75 mM PEG) was added to the protoplasts and the mixture vortexed 4-5 times as above 
followed by addition of 1 ml of PEG solution before incubation in an ice water bath for 25 
min. A control experiment was performed simultaneously which omitted PEG from the 
transfection procedure but included the purified virus. Both the control and test transfection 
mixtures were inoculated onto agar plates which contained a selection medium (ammonium 
tartrate; 5 mM, glucose; 1%, sucrose; 1 M and a salt solution; 20 ml/ l [section 2.6.6]) and 
incubated at 37oC for 36-48 h and then glycerol stocks of mycelia were made from both 
plates (section 2.7.5). Subsequently spores of both plates were inoculated into ACM broth 
and mycelia harvested 4 days after incubation and checked for transfer and replication of the 
virus following isolation of total RNA (section 2.7.7.4) and RT-PCR as described in section 
2.7.8.2. The glycerol cultures were passaged sequentially and tested as above to assess 
any retention of virus on the surface of fungal mycelia during the inoculation process. 
2.18.2 Transfection of macerated mycelia 
This transfection procedure was modified from an original protocol as described by Schmidt 
et al. (1986). A. fumigatus isolate Afv-237y was inoculated from a glycerol stock (section 
2.7.5) onto an ACM plate and incubated at 37oC for 3 days. Spores were harvested as in 
section 2.25.1, filtered on Miracloth and inoculated into 10 ml liquid YES medium (section 
2.6.3) containing 1% glucose, 5 mM ammonium tartrate, 40% sucrose, 2 X SSC (300 mM 
NaCl, 30 mM Na3C6H5O7 [pH 7.0] ) and grown at 37
oC for 4 days with shaking at 100 rpm. 
Following incubation the mycelia were macerated using a hand held homogeniser by 
blending for 1 min. Aliquots of the macerated and unmacerated (control) mycelium (500 l) 
were mixed with 100 l of A. fumigatus A-56 chrysovirus virus particles (0.05 g/ml) and 
incubated in screw-capped tubes with shaking in a horizontal orientation at 37oC, for 4 days. 
Mycelia were harvested and checked for transfer and replication of the virus following 
isolation of total RNA and RT-PCR as described in sections 2.7.7.4 and 2.7.8.2 respectively.   
2.19 Protein expression and purification 
For expressing and purifying the Aspergillus fumigatus chrysovirus CP both the pMBP fusion 
protein expression and purification system which is the derivative of pMALTM-2 system (NEB) 
and the pET protein expression and purification system were used. 
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2.19.1 Construction of plasmids 
The constructs which expressed MBP fusion proteins (pAJ03) and histidine tagged proteins 
(pAJ04) were created by respectively cloning the CP gene into the polylinker region of 
pMBP-Parallel1 and pET-41a vectors between unique restrictions sites (see chapter 6). The 
cloning procedure was as described previously (see section 2.7.10-2.11).  
2.19.2 Over-expression of proteins 
2.19.2.1 Induction of protein expression 
E. coli BL21 containing the expression plasmids were cultured on ampicillin plates for pMBP 
based plasmids or kanamycin plates for pET based plasmids at 37oC overnight following 
transformation. A single recombinant colony of each construct was inoculated into 5 ml LB 
broth containing antibiotics (ampicillin 100 g/ml, chloramphenicol 35 g/ml; [pMBP] and 
ampicillin 100 g/ml, kanamycin 50 g/ml; [pET]) and incubated overnight with shaking (200 
rpm) at 37oC. Next day, 1 ml of culture was centrifuged (13,000 x g; 1 min) the supernatant 
discarded and bacterial pellets were resuspended in 200 l glycerol stock solution (LB + 20% 
[v/v] glycerol) and stored at -80oC for long storage and at -20oC for short term storage.  
Small amounts of glycerol stock cultures were inoculated into 5 ml LB (protein expression 
medium) containing antibiotics (see above) and incubated overnight in a shaking incubator 
(200 rpm) at 37oC overnight. Then 1 ml of these cultures was used to inoculate 1000 ml of 
LB broth containing 0.2% glucose (in the case of pMBP plasmids) and both antibiotics as 
before. Cultures were grown at 37oC in a shaking incubator to an OD600 of 0.4-0.7 and 
protein expression was induced by adding IPTG to a final concentration of 0.5 mM or 1 mM. 
Uninduced bacteria were cultured simultaneously to compare the levels of expression of the 
fusion protein and endogenous E.coli proteins of a similar size. The cells were allowed to 
grow for 4 h at either 25oC or 30oC with shaking as above. Cells were then collected by 
centrifugation (13,000 x g, 1 min) and pellets from induced and uninduced cultures were 
resuspended in 200 l of column buffer A (Tris-HCl (200 mM [pH 7.4] at 25oC), NaCl (500 
mM), EDTA (500 mM [pH 8.0]), DTT (1 mM) and 10% (v/v) glycerol) for pMBP-based 
constructs or binding buffer A (sodium phosphate [NaH2PO4.H2O] (200 mM [pH 7.4]), NaCl 
(500 mM), (DTT) (1 mM ; Sigma) and 5% (v/v) glycerol [VWR]) for histidine tagged proteins. 
The extracts were centrifuged (13,000 x g; 10 min) at 4oC. The supernatants were collected 
as protein soluble fractions and the pellets were resuspended with 200 l B-lysis buffer (100 
mM NaH2PO4, 10 mM Tris base, 8 M urea [Fisher Scientific], pH 8.0) to allow solubilisation of 
inclusion bodies and collection of protein insoluble fractions. Aliquots of both fractions 
(soluble and insoluble) from induced and uninduced cells were mixed with 2 × Laemmli 
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buffer (100 mM Tris-HCl [pH6.8], 2% beta-mercaptoethanol, 4 % SDS, 0.2 % bromophenol 
blue, 20 % glycerol; Sigma) and denatured at 100oC in a heat block for 5 min prior to sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were 
stained and destained as described below (section 2.20.2). Once the expression of any 
particular fusion protein was optimised large-scale expression was performed.  
2.19.2.2 Large-scale expression of the proteins 
For large scale protein expression in 2 l of medium, 10 ml of overnight culture was inoculated 
and grown to an OD600 of 0.4-0.7.and IPTG was added to the culture to give a final 
concentration of 0.5 mM.  The culture was incubated for a further 4 h at 25oC with shaking. 
The cells were harvested by centrifugation (4000 x g; 10 min) and stored at -80oC. 
2.19.2.3 Extraction of soluble protein from E.coli under native conditions 
Frozen cell pellets from 1l culture were thawed on ice and resuspended thoroughly in 10 ml 
of pre-chilled column buffer A (see section 2.19.2.1) or binding buffer A (see section 
2.19.2.1), depending on the expression system used, prior to addition of 1 mM 
phenylmethylsulphonyl fluoride (PMSF) (Sigma). Lysis was performed by sonication in a 
Sonics uibra cell at 40% power for 2 sec on and 2 sec off over a period of 10 min with mixing 
of the lysate. The same procedure was repeated until maximal release of total protein was 
achieved. The sonicated sample was centrifuged (30,000 x g; 40 min). The native, crude 
extract of the soluble protein fraction was ready for subsequent purification.   
2.19.2.4 Affinity purification of MBP fusion protein using fast protein liquid 
chromatography (FPLC) 
A 5 ml MBPTrap HP (GE Healthcare) column, which is a ready to use HiTrap column pre-
packed with dextrin sepharoseTM high performance, was used together with the FPLC 
system (ÄKTAdesignTM) for purifying MBP fusion proteins. Affinity purification was performed 
at 4oC.  
The column, pre-stored in 20% (v/v) ethanol, was washed with 5 column volumes (C.V.) of 
distilled water and equilibrated with 8 C.V. of column buffer A before pumping diluted, crude 
soluble protein onto the column. The flow rate for washing and equilibration was maintained 
at 2 ml/min and for sample binding and elution was maintained at 1 ml/min. Subsequently, 
the column was washed with at least 10 C.V. of column buffer A until no further material 
appeared in the eluent. Finally, the fusion protein was eluted with 5 C.V. of column buffer B 
(Tris-HCl (200 mM [pH 7.4] at 25oC), NaCl (500 mM), EDTA (500 mM [pH 8.0]), DTT (1 mM), 
and 10% (v/v) glycerol/ 500ml) containing 10 mM maltose. Twenty five (1 ml) fractions were 
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collected and the fusion protein started to elute after the third fraction. Subsequently 8 
fractions were pooled and concentrated to 2 ml using an Amicon ultra-4 centrifugar tube 
containing an ultracel-10 membrane (Millipore) with a molecular weight cut-off size of 10 
kDa. Concentration was performed using centrifugation (3,200 x g; 30 min) prior to gel 
filtration. 
2.19.2.5  Affinity purification of histidine tagged protein under native conditions 
A 1 ml HisTrapTM HP column, which is a ready to use column prepacked with precharged Ni 
sepharoseTM high performance, was used together with the FPLC system for purification of 
the histidine tagged protein under native conditions. Affinity purification was performed at 
4oC. 
The column, pre-stored in 20% (v/v) ethanol, was washed with 5 C.V. of distilled water and 
equilibrated with 8 C.V. of binding buffer A before pumping the soluble crude protein onto the 
column. The flow rate for washing, equilibration, binding and elution was maintained at 1 
ml/min. Subsequently, the column was washed with 15 C.V. of 6% binding buffer B (sodium 
phosphate (200 mM [pH 7.4]), NaCl (500 mM), and imidazole (500 mM) (Sigma), DTT (1 
mM), 5% (v/v) glycerol) containing 30 mM imidazole until no material appeared in the eluent. 
Finally, the histidine tagged protein was eluted with 20 C.V. of binding buffer B with a linear 
gradient collecting twenty (1 ml) fractions. 
2.20 Gel electrophoresis of proteins 
2.20.1 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
Separation of proteins was performed under denaturing conditions using SDS-PAGE, as 
described by Laemmli (1970). The Mini-protean II electrophoresis system (Bio-Rad) was 
used and slab plates were cast between two glass plates (12x 10x 0.2cm) separated by a 
1.5 mm spacer. The gel consists of two parts (resolving and stacking). The resolving gel is 
cast first and the components of which are shown in Table (Table 2.6). 
After the addition of isopropanol on the top surface of the gel, the system was left to set for 1 
h. After polymerisation the isopropanol was removed, the surface of gel was washed with 
water and the stacking gel (see Table 2.6) was poured using a pipette followed by insertion 
of comb and gel was allowed to set for 1 h before electrophoresis. Protein samples were 
solublised in 2 × Laemmli buffer (Sigma) and were electrophoresed through the gel at 100 V. 
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Table 2.6 List and amounts of solutions used (resolving and stacking gel) for the preparation 
of SDS-PAGE gels. 
Solutions components 
Resolving gel 
(10%; 5ml) 
Stacking gel 
(5%; 2ml) 
H2O 1.9 ml 1.4 ml 
1.0 M Tris-HCl (pH 6.8) - 0.25 ml 
1.5 M Tris-HCl (pH 8.8) 1.3 ml - 
10% SDS 0.05 ml 0.02 ml 
30% acrylamide-
bisacrylamide (30:0.8) 
1.7 ml 0.33 ml 
TEMED 0.002 ml 0.002 ml 
10% (w/v) APS 0.05 ml 0.02 Ml 
2.20.2 Staining of protein gels 
Coomassie blue staining provided a simple and sensitive method for visualising 
electrophoresed proteins. The gel was stained at room temperature in staining solution (0.1 
% Coomassie brilliant blue R250 in methanol: water: glacial acetic acid [5:5:1 by volume]) for 
at least 20 min on orbital shaker. Destaining was achieved by washing the gels overnight in 
destaining solution (methanol: water: glacial acetic acid [5:5:1 by volume]) with gentle 
shaking or with several changes of destain solutions over 2-3 h. 
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3 Developmental technology 
3.1 Phytophthora ramorum 
Phytophthora is a genus in the family oomycetes and members of this genus are exclusively 
plant pathogens. One of the pathogens of interest to this study is Phytophthora ramorum, 
which looks like a fungus but is classified in the kingdom Chromista because of its close 
relationship with marine algae. In the early 1990‟s high levels of mortality in tanoak 
(Lithocarpus densiflorus) and coast live oak (Quercus agrifolia) were noted in California. To 
describe the severity of this disease local residents coined the phrase „Sudden Oak Death‟, 
the causal agent of which was unknown. In 2000, a new species of Phytophthora resembling 
a water mould was isolated from the cankers of dead trees and was found to be the causal 
agent of Sudden Oak Death and named P. ramorum in 2001 (Goheen et al.,  2006 ).  
 
Most Phytophthora species infect roots but P. ramorum infects aerial parts. P. ramorum, like 
other water moulds requires wet mild conditions for its growth. The pathogen forms 
sporangia on infected leaves and twigs which are carried away by wind and rain, if the 
sporangia land on a wet surface, they may release swimming zoospores. The zoospores 
germinate and start a new infection (Goheen et al., 2006). Thick walled resting spores 
(chlamydospores) are also formed which can resist extreme conditions (heat and drought) 
and remain viable for months in plant and soil debris. 
 
Two mating types are found in P. ramorum (A1 and A2), and if opposite mating types fuse, 
sexual spores are formed. One of the features in the distribution of these mating types is the 
presence of only A2 mating types in the forests of California and Oregon (where this disease 
was first discovered) and the A1 mating type is largely present in Europe (Goheen et al., 
2006). 
 
 P. ramorum has an extensive host range covering 27 plant families (Jones, 2006), affecting 
both important environmental and nursery plant species (Davidson et al., 2003). P. ramorum 
not only causes Sudden Oak Death but also is the causal agent of P. ramorum shoot blight 
(Douglas fir, rhododendron and coast redwood) and leaf blight (Cascara, myrtle wood, 
rhododendron and tanoak). 
3.1.1 DsRNA in Phytophthora 
There are few descriptions of dsRNA viruses in Phytophthora spp. and previously VLPs 
containing dsRNA ranging in size from 1.35-11.10 kbp were only reported in P. infestens, the 
causal agent of late blight of potato (Newhouse et al., 1992; Tooley et al., 1989).  The 
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complete sequence of two of the smaller P. infestens dsRNAs, both adenylated and 3160 
and 2776 bp in length, named Phytophthora infestans RNA virus 1 has recently been 
published (Cai et al., 2009a) and the sequence of one of the larger dsRNAs is imminent (Cai 
et al., 2009b).   
Also Hacker et al. (2005) isolated a dsRNA from a Phytophthora species, isolated from 
Douglas fir (Oregon). The dsRNA was 13,833 bp in size encoding a single, large ORF 
spanning the entire length of the genome which contained helicase, RdRP and UDP 
glycosyltransferase (UGT) domains and was named Phytophthora endornavirus 1 (PEV 1). 
3.1.2 Screening of P. ramorum isolates 
Twenty two isolates of P. ramorum were obtained from Professor Clive Brasier, Emeritus 
Mycologist, Forestry Commission Research agency, Alice Holt Lodge, Farnham, Surrey UK 
and were screened for the presence of endornaviruses (Table 3.1). The viral RNA was 
extracted using the LiCl method (section 2.7.7.1) and analysed by gel electrophoresis 
(section 2.7.6.3). 
 
Table 3.1 List of Phytophthora ramorum isolates, code and mating type, host plant, infection 
frequency of isolates with endornavirus dsRNA 
Sample 
No. 
Location, Country of 
Origin, state -California 
(CA), Oregon (OR) 
(where known) 
Isolate code 
and mating 
type 
 (where 
known) 
Host plant 
DsRNA 
present (+) 
or absent 
(-) 
1 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-1-A2 Unknown - 
2 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-4-A2 Unknown - 
3 
USA, Pacific west coast 
(Nursery isolates) 
RHCC-33-A2 Unknown - 
4 
USA, Pacific west coast 
(Nursery isolates) 
WSDA 3403-
A2 
Unknown - 
5 
USA, Pacific west coast 
(Nursery isolates) 
WSDA 3765-
A2 
Unknown - 
6 
USA, Marin Water 
district,    CA 
P1348-A2  Quercus 
 agrifolia 
- 
   97 
7 USA, OR P1404-A2 Lithocarpus 
densiflorus 
- 
8 Poland P1410-A1 Rhododendron 
sp. 
- 
9 UK, unknown P1446-A1 Viburnum 
bodnantense 
- 
10 UK, unknown P1452-A1 Rhododendron 
sp. 
- 
11 UK, unknown P1453-A1 Viburnum 
bodnantense 
- 
12 UK, unknown P1457-A1 Rhododendron 
sp. 
- 
13 UK, unknown P1463-A1 Rhododendron 
sp. 
- 
14 UK, unknown P1467-A1 Rhododendron 
grandiflora 
- 
15 Mallorca P1492-A1 Rhododendron 
sp. 
- 
16 France P1493-A1 Rhododendron 
sp. 
- 
17 Belgium P1500-A2 Unknown 
 
- 
18 USA, CA P1507-A2 Laurus nobilis 
 
- 
19 USA, CA P1510-A2 Laurus nobilis 
 
- 
20 USA, CA P1511-A2 Laurus nobilis 
 
- 
21 Germany P1577-A1 Rhododendron 
catabiense 
- 
22 UK, Cornwall P1616-A1 Nothofagus 
cunninghamii 
- 
3.1.3 Results and Discussion 
Extracts enriched in dsRNA from some isolates contained a high molecular weight nucleic 
acid species >10 kbp in size (Fig. 3.1). These extracts were subjected to RT-PCR with 
oligonucleotide primers (see Table 3.2) designed to amplify specific regions of the PEV1 
polyprotein gene sequence, which included an internal region of the putative UGT gene 
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encoding a polypeptide fragment of ca. 21 kDa termed p21, and the regions immediately 3′- 
and 5′- of this gene towards, respectively, the helicase-like and the RdRP regions of the 
genome encoding fragments of the virus polyprotein ca. 31 and 34 kDa in size, termed p31 
and p34. The sequence and positioning of these primers with respect to the genome is 
shown in Table 3.2.   
 
Figure 3.1 Agarose gel electrophoresis of dsRNA extracts of P. ramorum isolates and a 
positive control (PC) PEV1; two of the isolates (P1616 and P1577) contain a high molecular 
weight nucleic acid species similar in size to PEV1. Hyperladder 1 (M; 10 kbp; Bioline) was 
used as marker. 
 
Table 3.2 List of the primers and their sequence along with their position on the PEV 1 
genome. 
Primer 
description 
Sequence (5’- 3’ orientation) 
Position in 
genome (bp) 
Internal primer 
(UGT gene) (p21) 
GTAGTTAAATTTATCAACAAAATCAAGCATG 8,546 
AAGATTCAATCTCTACAACCACCCCCTC 9,311 
5′- of the UGT 
gene, towards the 
helicase motif (p31) 
GTCAGAGCCACTTTCTCGCG 7,181 
CTCCTGCGTAGGTGGAGTAGG 8,121 
 3′- of the UGT 
gene, towards the 
RdRP gene (p34) 
GTCCCTGATCTAGAGTCAAGAG 9,890 
GCTGGAATGTGGTCACCAC 11,000 
 
No amplicons were generated with any of the primer pairs, suggesting that the high 
molecular weight nucleic acid species was not PEV1 dsRNA but contaminating bacterial 
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chromosomal DNA or they might be some different dsRNA elements not amplified by the 
primers. The absence of dsRNA from all of the European isolates might be due to the fact 
that most if not all P. ramorum isolates in Europe were imported in nursery stock during the 
1990s (Brasier, 2008) and that the isolates are near clonal.  
3.2 Aspergillus foetidus virus 
As discussed in the introduction (section 1.12) isometric virus particles ca. 40 nm in diameter 
were isolated from the filamentous fungus, Aspergillus foetidus. The RNA isolated from the 
virus particles was shown to be dsRNA and particles were separated into discrete bands 
following isopynic centrifugation in caesium chloride density gradient (Banks et al., 1970). 
Electrophoretic analysis of the RNA obtained from various virus fractions revealed that the 
multiple RNA components are not fragments released from a single virus particle, but are 
separately encapsidated in different particles (Ratti and Buck, 1972). 
 
These particles were designated A. foetidus virus-slow (AfV-S) and A. foetidus virus-fast 
(AfV-F) according to their mobilities on gels (Buck and Ratti, 1975) and were classified into 
different classes depending upon molecular weight as outlined in the introduction. AfV-F was 
separated into four classes namely F1, F2, F3 and F4 with molecular weights of 1.44 x 106, 
1.70 x 106, 1.87 x 106 and 2.31 x 106 Da respectively.  AfV-S was separated into two classes, 
major and minor comprising S1 and S2 as the major components with molecular weights of 
2.24 x 106 and 2.76 x 106 Da respectively, together with two minor components named S3 
and S4 (Fig. 3.2) (Buck and Ratti, 1975).  
 
Figure 3.2 Agarose gel electrophoresis of A. foetidus virus RNAs showing RNA profile for 
slow (lane 1) and fast (lane2) components with their approximate sizes. Hyperladder 1 (M; 
10 kbp; Bioline) was used as marker. 
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The F and S viruses were serologically unrelated and particles were encapsidated in 
different CPs as shown by SDS PAGE. AfV-F contained one major and two minor 
polypeptides with molecular weights of 87,000, 125,000 and 100,000 while AfV-S contained 
one major and one minor polypeptide of molecular weights of 83,000 and 78,000 
respectively (Buck and Ratti, 1975).  
3.2.1 Northern blots of AFV-S RNA elements 
Northern blotting was performed using probes produced from cDNA clones of both AfV-S1 
and –S2 RNA, generated by targeted PCR amplification and cloned into pGEM-T Easy 
(kindly supplied by Dr Zisis Kozlakidis). Plasmids (ZK-23 and ZK-30) were oligo-labelled with 
[α32] P dCTP (Feinberg and Vogelstein, 1984; section 2.15.2). Purified dsRNA were used in 
the northern blots and the membranes were exposed to X-ray film for various lengths of time 
depending on the quality and strength of radioactive signals following hybridisation and the 
results are shown in Fig.3.3. 
 
The northern blot, which showed strong signals for both RNAs, with individual probes 
specific for AfV-S1 and AfV-S2, confirmed that the sequences obtained corresponded to the 
two AfV-S RNA elements and that their classification according to their size and sequence 
was correct.  
 
Figure 3.3 Result of northern blots for AfV-S RNA 1 and 2 after 24 h exposure. 
3.2.2 Characterisation of AfV-F 
As discussed in section 1.13.1.2, the characterisation of both viruses had been initiated and 
the aim of this project was to continue and complete (where possible) full characterisation.  
As discussed above (section 3.2.1) following the assignation of clones to the individual  
RNAs (major components), efforts were made to complete the characterisation of the third 
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component of the AfV-F genome nominated dsRNA 3, a partial characterisation of which had 
already been initiated (Fig. 3.4). 
 
Figure 3.4 Agarose gel electrophoresis of A. foetidus virus F dsRNA components with their 
approximate sizes (lane 1). The blue line indicates the portion characterised during the 
project and grey arrows shows the position and orientation of the primers used to generate 
clones. Hyperladder 1 (M; 10 kbp; Bioline) was used as a molecular weight marker. 
3.2.3 Complete characterisation of AfV-F dsRNA 3 
The third component of AfV-F dsRNA 3 appeared to be ~2500 bp in length as seen in Fig. 
3.4. Contiguous sequence assemblies of 976 bp had already been obtained in a previous 
study. In order to complete the characterisation of dsRNA3 the element was gel purified and 
used as template for RLM-RACE PCR amplification with a dsRNA3 -specific primer AfV 112; 
(Table 3.3). This procedure resulted in an amplicon of ~1500 bp (Fig.3.5) which was cloned 
and sequenced in both directions using the universal primers and an internal primer 
designed to confirm internal sequence and resolve ambiguous nucleotides (AfV-113; Table 
3.3). The approximate position of both primers is shown in Fig. 3.4. 
 
Table 3.3 Sequence of primers used in the extension of the 5‟-end of AfV-F dsRNA 3 and 
confirmation of the sequence of clones generated. 
Name of primer Sequence ((5’- 3’ orientation) 
AfV-112 GGTGGAGCAATGCCATCACCA 
AfV- 113 ATAGGGCAGGATGCGACTGAG 
1 
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Figure 3.5 Agarose gel electrophoresis showing amplicon (~1.5 kbp) produced using RLM-
RACE to generate products corresponding to the 5‟-end of AfV-F dsRNA 3 (lane 1). 
Hyperladder 1 was used as a marker (M; 10 kbp; Bioline) 
3.2.3.1 The genome sequence of AfV-F dsRNA 3 
The complete cloned cDNA sequence of AfV-F dsRNA 3 comprises 2466 bp (Fig. 3.6) with 
5‟- and 3‟-UTRs, respectively 51 and 235 nucleotides in length, flanking a single ORF. The 
ORF is predicted to encode a protein 726 amino acids long with a molecular weight of 
78,852 Da and pI=5.31. The AfV-F dsRNA3 ORF shows significant similarity with Alternaria 
alternata mycovirus dsRNA3 (AaV-1; Aoki, et al., 2009) (Expect value 1e-15; 26% identical, 
35% similarity). 
 
Figure 3.6 Diagram showing genome organisation of AfV-F dsRNA 3 
1 
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Figure 3.7 Alignment of the amino acid sequence of AfV-F dsRNA 3 ORF with the 
comparable ORF predicted from the sequence of Alternaria alternata mycovirus dsRNA3. 
Identical and similar amino acids are highlighted in red and green respectively 
3.2.3.2 The 5’ UTR of the AfV-F dsRNA 3 
An alignment of the nucleotide sequence of the AfV dsRNA3 5'-UTR with the AaV-1 dsRNA 
3 5‟-UTR sequence revealed some scattered similarity (Fig.3.8) nucleotides 20 to 23, 43 to 
45 and 48 to 51). Since the AfV dsRNA3 5‟-UTR is likely involved in transcript recognition, 
initiation of RNA synthesis and virion packaging and possibly contains signals for these 
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processes its secondary structure was modelled using the Mfold program (Zuker, 2003) and 
found to contain a stable stem-loop structure (Fig. 3.9). 
 
Figure 3.8 Alignment of the nucleotide sequences of the AfV-F dsRNA 3 and the AaV-1 
dsRNA 3 5‟-termini. Conserved sequences are highlighted in red. 
 
 
Figure 3.9 Predicted folding of the 5‟-UTR region of AfV-F dsRNA3. The ∆G value was 
calculated using the Mfold program. The horizontal arrow points to the start of the sequence. 
3.3 Phlebiopsis gigantea 
Phlebiopsis gigantea (synanamorph Phanerochaete gigantea) is a common saprophytic 
basidiomycete that colonises dead conifer wood in boreal and temperate forests throughout 
the world and causes a typical white rot of coniferous timber (Tubby et al., 2008). It is used 
to initiate the process of paper pulping and as a biological control agent of annosum root rot 
against Heterobasidion annosum, in Western Europe (Behrendt et al., 1997). Losses due to 
this fungus are estimated to be around 790 million € per annum (Woodward et al., 1998). 
Ikediugwu, (1976) explained that the controlling effect against H. annosum is based on 
hyphal interference which is characterised by rapid and localised cell disruption where the 
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protoplasm becomes disorganised and its membrane integrity is affected when hyphae of 
both species come into contact. It has also been reported by Roy et al. (2003) that when P. 
gigantea is applied to stump surfaces after felling it can only prevent the establishment of H. 
annosum infection as described above but it has no effect on already infected areas as H. 
annosum can spread via root contacts. Recently, a study on the gene expression of P. 
gigantea during interactions with H. parviporum was conducted and up-regulation of several 
genes, essential for nutrient acquisition, were seen suggesting that P. gigantea has a 
competitive advantage on freshly cut stump surfaces (Adomas et al., 2006). In addition this 
method of control is ecologically friendly as demonstrated by Motta et al. (2009) where P. 
gigantea spores were applied to pine butts in Italy as a suspension to control the North 
American population of a H. annosum in order to check the efficacy and persistence of the 
treated stumps. Observations made after thirty days revealed that neither the pathogen nor 
the spores of P. gigantea were detectable. Different formulations are used to control 
Heterobasidion spp. and one which has been used widely is the PG suspension (Omex 
Environmental Ltd., UK) which contains asexual spores (oidia) and mycelium of P. gigantea 
as the active ingredients (Tubby et al., 2008). 
 
During investigations on the presence of dsRNA in basidiomycete fungi two related, yet 
dissimilar large dsRNA elements were identified in the TW-2 isolate of P. gigantea isolated 
from Scots pine, Pinus sylvestris, in Rendlesham, Thetford forest, East Anglia, UK by B. J. 
W. Greig. This strain was initially used as a pesticide in the UK, but within 10 years of use by 
2000 it was gradually losing its efficacy at colonising stumps and excluding H. annosum.  
 
Development of resistance in H. annosum against single strains of P. gigantea due to long 
term use or a mycovirus conferring hypovirulence traits to the TW-2 isolate of P. gigantea 
might be the cause of loss of efficiency in controlling the disease. Samils et al. (2008) have 
reported the capacity of H. annosum to resist overgrowth by P. gigantea and Kozlakidis et al. 
(2009) associated the irregular colony margin, slowed growth and production of fewer oidial 
spores by TW-2 on solid medium with hypovirulence of P. gigantea. 
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3.3.1 The dsRNA elements of P. gigantea 
The PgV-TW2 isolate contains two large dsRNA elements approximately 10-12 kbp in length 
(Fig. 3.10). Contiguous sequences of 10,530 and 8727 bp in length had already been 
assembled from previous work done in the laboratory mainly by Hacker, C.V., Buck, K. W. 
Bradley, D. and Kozalakidis, Z. Based on their molecular weight it was initially thought that 
these dsRNA elements may be closely related to the Endornaviridae but the sequence of 
both dsRNA 1 and dsRNA 2 showed no similarity to endornaviruses. The aim of the project 
was to verify the sequence (where ambiguities were present) and to continue and complete 
the molecular characterisation of these elements. 
 
Figure 3.10 Agarose gel electrophoresis of P. gigantea dsRNA 1 and dsRNA 2 and their 
genome organisation with approximate sizes of the dsRNAs (lane 1). The blue line indicates 
the novel sequence characterised during the project and grey arrows shows the position and 
orientation of the primers used to generate novel clones. Hyperladder 1 (M; 10 kbp; Bioline) 
was used as a marker. 
3.3.1.1 Results and Discussion 
3.3.1.1.1 Extraction of dsRNA 1 and dsRNA 2 from stored cultures 
Isolation was attempted from cultures stored in the laboratory using the methods described 
in section (2.7.7.1 to 2.7.7.3). Both of the PgV-TW2 dsRNAs were apparently absent from all 
available cultures following extraction of dsRNA by two methods. Small amounts of dsRNA in 
the mycelia, resulting in poor yields following isolation either by LiCl extraction (Cathala et 
al., 1983) or cellulose CF-11 purification, might be undetectable following ethidium bromide 
staining of purified dsRNA in gels. This was confirmed when the purified dsRNA, isolated by 
1 
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either procedure, was used for the attempted RT-PCR amplification of internal fragments of 
both PgV dsRNA 1 and 2 (Table 3.4). No amplicons of the anticipated size for either dsRNA 
were generated in any of these experiments whereas simultaneous RT-PCR amplification of 
other dsRNA templates verified the performance of the thermal cycler, the reagents and the 
experimental techniques confirming that the fungus had lost both viral dsRNAs. It is 
uncommon for fungi to lose mycoviruses when they are maintained in their mycelia state 
(Buck, 1998) but the loss of dsRNA elements from Ceratocystis ulmi (Pusey and Wilson, 
1982), P. infestans (Newhouse et al., 1992) and Alternaria solani (Zabalgogeazcoa, 1997) 
following subculture from frozen stock cultures to liquid broth has been reported. Friese et al. 
(1992) showed that aerial mycelia (which rise above the substratum) of C. parasitica were 
persistently free of dsRNA despite submerged hyphae showing viral infection. The reason for 
a lack of infection in aerial hyphae is not understood but the differing environmental 
conditions, including higher oxygen and lower carbon dioxide concentrations and restricted 
nutrient access to aerial hyphae, might play a role (Carlile et al., 2001). Since P. gigantea 
also grows on the surface of the media these factors might contribute to the loss of the 
dsRNAs. 
 
Some fungi have been known to remain viable up to 5 years at 5°C (Carlile et al., 2001) but 
cultures should be ideally stored in 10-25 % glycerol stocks at -20°C for long term storage. 
The PgV TW2 isolate was stored at 4°C for 24 months; unsuitable long term storage 
condition might have caused loss of mycovirus infection and cultures should be passaged 
after 2-3 months in order to remain viable and this was also not done for the PgV TW2 
isolate resulting in the loss of both dsRNAs. 
3.3.1.1.2 New isolates of P. gigantea obtained from Finland and confirmation of 
dsRNA infection 
After repeated failed attempts to rescue the P. gigantea TW2 isolate and confirm virus 
infection it was decided to investigate other isolates of the fungus from different sources in 
an effort to identify an isolate identical to the TW2 isolate so that the genomic sequence of 
both dsRNAs could be completed. Four isolates of P. gigantea (see Table 3.4; 136, 137 138 
and 139), two corresponding to the original isolates of Greig, one of which was suspected to 
be the TW2 isolate, were supplied by Dr Kari Korhonen from The Finnish Forest Research 
Institute, Finland. Samples were grown as described in section 2.7.1 and total RNA extracted 
using the RNeasy plant mini kit (section 2.7.7.4) and subjected to RT-PCR amplification 
(section 2.7.8.2) with oligonucleotide primers (see Table 3.5) designed to amplify specific 
regions of the TW2 dsRNA 1 and dsRNA 2 elements (see Fig. 3.13). Two of the isolates 
(136 and 137) produced amplicons of the expected sizes for both dsRNAs (Fig. 3.11). The 
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sequences of both amplicons from both isolate 136 and 137 were identical to the sequences 
found with the original TW2 isolate proving unequivocally that these two dsRNAs are the 
same as the original dsRNAs. The other two isolates (138 and 139) produced a ladder of 
amplicons, usually indicative of random priming on fungal DNA/RNA (Fig. 3.12) and were 
considered virus-free. 
 
Figure 3.11 Agarose gel electrophoresis of RT-PCR amplicons generated from P. gigantea 
isolates 136 and 137 using sequence specific primers. Isolate and primer sets used are 
indicated. Hyperladder 1 (M; 10 kbp; Bioline) was used as a marker. 
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Figure 3.12 Agarose gel electrophoresis showing ladder of amplicons generated after RT-
PCR from P. gigantea isolates 138 and 139 using sequence specific primers. Isolate and 
primer sets used are also indicated on the gel. Hyperladder 1 (M; 10 kbp; Bioline) was used 
 
Figure 3.13 Schematic representation of the position and orientation of the primers on both 
PgV-TW2 dsRNA 1 and dsRNA 2 used in RT-PCR amplification of products of known sizes.* 
indicates the ORF1 stop codon and P represents putative RdRP regions approximately. 
 
The similarity of the isolates were further confirmed by resolving the identity of twelve 
ambiguous nucleotides in the original sequence by amplifying and sequencing genomic 
fragments with contentious regions using specific oligonucleotide primers. The primers used 
in these experiments and anticipated amplicon sizes are shown in Table 3.5. Once 
confirmation had been obtained that isolate 136 was the same as the original TW2 isolate it 
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was grown in bulk and the dsRNA was purified from mycelia using LiCl purification. A range 
of primers designed from the known sequences of both dsRNAs were used to extend the 
sequences using the genome walking technique and RLM-RACE (see Table 3.6). 
 
Amplicons produced using primer 56 in combination with a random hexamer were cloned 
and generated ca. 800 bp of novel sequence data upstream of the extant sequence of PgV-
TW2 dsRNA1.  Based on this novel sequence information another primer 62 (Table 3.6) was 
designed and RLM-RACE amplification (2.7.8.3) was attempted to obtain clones 
representing the 5‟-terminus.  
 
Figure 3.14 Agarose gel electrophoresis showing amplicon generated by the RLM-RACE 
procedure to obtain the 5‟ end of PgV-TW2 dsRNA 1 (lane 1). Hyperladder 1 (M; 10 kbp; 
Bioline) was used as a marker. 
 
Table 3.4 List of isolates of P. gigantea supplied kindly by Kari Korhonen, Finnish Research 
Institute along with the locality and host tree and the place of isolation. 
Isolate 
no. 
Locality Host 
Tissue 
isolated 
Collector 
136 England Pinus spp. Timber wood B. J. W. Greig 
137 England Pinus nigra? Unknown B. J. W. Greig 
138 England Unknown Fruit body B. J. W. Greig 
139 England Unknown Fruit body B. J. W. Greig 
 
 
 
 
 
1 
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Table 3.5 Sequence of primer pairs used in RT-PCR to amplify products of a known size 
from the genomes of the two P. gigantea dsRNAs. The arrows show the orientation of the 
primers. 
Primer 
Sequence 
(5’- 3’ orientation) 
Expected size of 
amplicon (bp) 
P5 
P6 
GCA AAA CTC GTC CCG GAG TCC 
GTC CGT ACT GCC CCT CTC G 
310 
P9 
P10 
GGT TAC GAA GGT GCG TCT GC 
GCT GTA CGC GGC ACC TAT CC 
454 
P52 
P53 
CGA AAG GAG GAC GGA CGC GAGG 
GGT GTT ATA CCC TAT TCC GAT 
321 
P47 
P53 
CGA GCA GTA CAC CGA AGT GGC 
GGT GTT ATA CCC TAT TCC GAT 
571 
 
Table 3.6 Sequence of primer used in RT-PCR amplification to generate clones to extend 
the sequence information of both P. gigantea virus dsRNAs. 
Primer 
name 
Sequence (5’-3’orientation) Designed on 
54 GAT CGG AAT AGG GTA TAA CAC C dsRNA1 
55 CTT CCT TTT TTA TGG GAA GGG dsRNA1 
56 GCA AGG CGC GGA AGG TGC ACT C dsRNA1 
61 CTG TGG ACT CGC TCG AAC CTT C dsRNA1 
62 CAT CCA TGT GCA GGC GGT C dsRNA1 
57 GAG AAG GGC GCC GCG TAC TG dsRNA2 
58 CAG TGA TGA TCT CCC CGC GAG G dsRNA2 
59 GCA GTA GGA TGA AGC CGA G dsRNA2 
60 GCA AGA GGT GGT CCC GAG dsRNA2 
3.3.1.2 PgV-TW2 dsRNA 1 
The incomplete sequence of PgV-TW2 dsRNA 1 now renamed Phlebiopsis gigantea large 
virus 1 (PgLV-1) comprised 10,530 bp which was extended in this investigation by 1067 bp 
and the complete sequence of 11,597 bp was resubmitted to GeneBank (GeneBank 
accession number AM111096). 
3.3.1.2.1 Completion of the PgLV-1 dsRNA genome sequence and analysis. 
The complete genomic sequence of PgLV-1, including the 5‟-terminus of the dsRNA, was 
obtained using RLM RACE to generate 5‟-specific cDNA clones (Fig. 3.14).  PgLV-1 is 
11563 bp long and contains two ORFs in different frames on the genomic plus strand (Fig. 
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3.15) PgLV-1 ORF1 in frame 1 (bp 730-6768) encodes a 219 kDa, (2013) amino acid (aa) 
protein and ORF2 in frame 3 (bp 7224-11,468) encodes a 158 kDa, (1414 aa) protein.   
 
Figure 3.15 Schematic diagram showing genome organisation and coding strategy of PgLV-
1 
Secondary structure analysis of the PgLV-1 3‟- and 5‟-UTRs using the Mfold program 
predicted the presence of tandem stem-loop structures in the former, which are commonly 
observed in other mycoviruses, and a stable stem loop structure at the very 5‟-terminus (Fig. 
3.16) and downstream pseudoknots in the latter. BLAST searches of the deduced amino acid 
sequence of PgLV-1 ORF1 revealed that it was related to an incomplete, hypothetical protein 
predicted from the sequence of the basidiomycete Lentinula edodes mycovirus HKB (LeV-
HKB; unpublished accession number AB429556; E-value 3e-14; 25% identity) and that an N-
terminal region showed some similarity with motifs associated with the NUDIX hydrolase 
superfamily (pfam 00293), the significance of which is unclear. As noted previously 
(Kozlakidis et al., 2009), examination of the deduced amino acid sequence of the N-terminal 
region of PgLV-1 ORF2 revealed the presence of eight conserved motifs characteristic of 
RdRPs of dsRNA viruses of simple eukaryotes (Bruenn, 1993).   
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Figure 3.16 Predicted folding of the 5‟-UTR region of PgLV-1. The ∆G value was calculated 
using the Mfold program. The horizontal arrow points to the start of the sequence. 
BLAST searches of the deduced amino acid sequence of PgLV-1 ORF2 revealed closest 
sequence similarity to the putative RdRPs encoded by LeV-HKB (unpublished accession 
number AB429556; E-value 7e-161; 31% identity), the ascomycete Rosellinia necatrix 
megabirnavirus (RnMBV1; Chiba et al., 2009) (E-value 3e-50; 30% identity) and the 
basidiomycete Agaricus bisporus virus 1 (AbV-L1; Van der Lende et al., 1996) E-value 2e-
14; 27% identity), all currently unclassified mycoviruses (Fig. 3.17).   
(A) 
MOTIF        1            2                   3  
PgLV-1     LVGRA (79) VAPRG-SIG (45) KTESGLRLRQIIPGEIHQW (49) 
LeV-HKB    LSGRA (73) LAPTG-ALG (45) KVETGLRSRQIVPGPTKHW (52) 
RnMBVI     L-GRF (72) FGSSG-SAG (41) KREAG-KLRQLLPGRIPHW (48) 
           * **       ... * : *      * *:* : **::**   :*                      
MOTIF              4                      5                    6 
PgLV-1     TDYADFNYLHTLEDMK (59) SLWSGWRTTTMINNTMNLVYN (20) VNGDDGDFEV (18)  
LeV-HKB    SDYADFNFLHTIPDMQ (58) GLWSGWRTTSVINNVFNEVYG (20) RNGDDEDARA (18) 
RnMBVI     VDWADFNITHTLKDMS (64) GLWSGWRTTSFINCSFNVAYC (21) –AGDDFFGTY (18) 
            *:****  **: **.      .********:.**  :* .*         ***                         
 
 
 
 
 
 
∆G = -20.10 kcal/mole 
   114 
MOTIF               7                      8 
PgLV-1     DVQASKQLLAASHAEYLRI (8)  GSIARSCASFVGGDL 
LeV-HKB    DAQPAKQKIGFTESEYTRV (8)  NPIARGIASFTSSDL 
RnMBVI     EVNAQKQLVGGEMGEFLRH (9)  GSVMRSIGSFVGSDL 
           :.:. ** :.   .*: *       ..: *. .**...**  
Figure 3.17 Comparison of the conserved motifs of RdRPs of the two dsRNA mycoviruses 
most closely related to PgLV-1. The numbers at the top indicate conserved motif number 
(Bruenn, 1993); the numbers of amino acid residues separating individual motifs are shown 
for each sequence.  Multiple sequence alignments were obtained using the CLUSTAL_X 
program (Thompson et al., 1997) with the putative RdRP amino acid sequences of the 
following unclassified viruses whose abbreviations and accession numbers are shown in 
brackets; PgLV-1 (AM111096); Lentinula edodes mycovirus HKB (LeV-HKB; AB429554) and 
Rosellinia necatrix megabirnavirus (RnMBVI; NC_013462).  
All homologous sequences retrieved by the BLAST search were used to construct a rooted 
phylogenetic tree using the Neighbour Joining method with a bootstrap of 100. Because 
sequence identity of the ORF2 region, predicted from the sequence of PgLV-1, with other 
mycovirus RdRP genes was below 40% multiple alignments were made using the Fast 
Fourier Transform MAFFT program L9INS-1 (Katoh et al., 2005), which is the most accurate 
method to use in these circumstances.  Sequences with bootstrap values above 35% were 
included in the tree and visualised on the web (http://align.bmr.kyushu-
u.ac.jp/mafft/online/server/). The topology of the phylogenetic tree (Fig. 3.18). clustered 
PgLV-1 with LeV-HKB and RnMBV, which in turn are related to a group containing tentative 
members of the family Chrysoviridae (Ghabrial, 2008a), AbV-L1 and Aspergillus niger virus 
1816 (AnV-1816; Hammond et al., 2008) and a distinct group containing the unclassified 
mycoviruses Fusarium graminearum dsRNA mycovirus-3 (FgV-3; Yu et al., 2009), Diplodia 
scrobiculata RNA virus 1 (DsRV-1; De Wet et al., 2008) and PgLV-2. The phylogeny of 
PgLV-1 revealed that it is only distantly related to confirmed members of the family 
Chrysoviridae and Totiviridae (Fig. 3.18).  
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Figure 3.18 The deduced amino acid sequences of the putative RdRPs of selected members 
of the family Chrysoviridae and Totiviridae, and unclassified mycoviruses were aligned as 
above and a phylogenetic tree was generated using the Fast Fourier Transform MAFFT 
program L9INS-1 (Katoh et al., 2005).  Numbers on the nodes indicate percentage of 
bootstrap support from 100 replicates with branch lengths indicated.  Selected mycoviruses 
from the family Totiviridae and Chrysoviridae are circled. The list below shows the 
mycoviruses examined their abbreviations and database accession numbers. Family 
Totiviridae: Helicobasidium mompa No 17 dsRNA virus (HmV-1-17; NC_005074); 
Coniothyrium minitans mycovirus (CmV; NC_007523); Ustilago maydis virus H1 (UmV-H1; 
NC_003823); Epichloe festucae virus 1 (EfV-1; AM261427) and Magnaporthe oryzae virus 1 
(MoV-1; NC_006367). Family Chrysoviridae: Amasya cherry disease associated chrysovirus 
Totiviridae 
Chrysoviridae 
   116 
(ACDACV; NC_009947); Fusarium oxysporium chrysovirus 1 (FoCV-1; EF152346); 
Penicillium chrysogenum virus (PcV; NC_007539); Helminothosporium victoriae 145S virus 
(Hv145SV; NC_005978); Aspergillus niger virus 1816 (AnV-1816; EU289896) and 
Cryphonectria nitschkei virus (CnV-bs131; GQ290650).  Unclassified viruses as in Fig. 3.17 
plus: Phleobiopsis gigantea large virus dsRNA 2 (PgLV-2; AM111097); Agaricus bisporus 
virus 1 (AbV-L1; X94361); Fusarium graminearum dsRNA mycovirus-3 (FgV-3; NC_013469) 
and Diplodia scrobiculata RNA virus 1 (DsV-1; NC_013699). The tree was rooted with the 
putative RdRP gene of Leishmania RNA virus 1-1 (LRV-1-1; M92355), the type species of 
the genus Leishmaniavirus in the family Totiviridae. 
Examination of the complete sequence of the PgLV-1 dsRNA genome and its genetic 
organisation reveals it to have a very long 5‟-UTR (729 bp), two ORFs 1 and 2 and a short 
3‟-UTR (95 bp). Both PgLV-1 ORFs 1 and 2 are probably translated from a polycistronic RNA 
where ORF1 translation would be unimpeded, because of the absence of large numbers of 
mini-cistrons in the 5‟-UTR while the 3‟-proximal ORF2 is probably expressed by a ribosomal 
-1 frame shifting mechanism (Kozlakidis et al., 2009).  PgLV-1 ORF2 is in the -1 frame 
relative to ORF1 and an in-frame UGA triplet is located at map positions 6738-6740, which is 
161 codons upstream of the start codon of ORF2 at position 7224-7226 and 26 bases 
upstream of the stop codon for ORF1 at 6766-6768. This creates the likelihood of ORF2 
being translated as a fusion with ORF1 if ribosomal -1 frame shifting occurs within the region 
of overlap (Fig. 3.15). Indeed a possible slippery motif sequence 5‟-GGGUUUU-3‟; 
consensus sequence 5‟–XXXYYYZ-3‟; X, any; Y A or U, Z, any but G (Jacks et al.,1988 ) 
was found at bases 6756-6762 and a pseudoknot was predicted at bases 6821-6896 with a 
minimal free energy of -13.89 kcal mol-1, using the DotKnot prediction program 
(Sperschneider & Datta, 2010).  Ribosomal -1 frame shifting is often associated with both 
slippery sequences and downstream RNA pseudoknots, which assist in pausing translating 
ribosomes and increase the frequency of the process. A search of the N-terminal amino acid 
sequence of PgLV-1 ORF1 revealed the presence of the oligopeptide -GIETNPGP-, a 
variant of the „2A‟ sequence motif (-DXEXNPGP-, where X is any amino acid).  These motifs 
are present in a wide range of insect viruses including some members of the family 
Totiviridae and mediate ribosome „skipping‟ effects and are likely involved in polyprotein 
autocleavage between Gly and Pro residues or failure of the Gly-Pro peptide bond to be 
formed (Luke et al., 2008). However whether this is a translation strategy is used by PgLV-1 
ORF1 remains to be investigated.  
Since the incomplete sequence of the genome of PgLV-1 was published (Kozlakidis et al., 
2009) a number of novel mycovirus dsRNA genome sequences have appeared. The putative 
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RdRP proteins predicted from the genome sequences of several of these viruses are 
phylogenetically related to the putative PgLV-1 RdRP (Fig. 3.18) so it was decided to 
investigate whether these relationships extended to the potential mode of their genomic 
expression.  In the following sentence bracketed information for nominated mycoviruses 
includes the genome length in base pairs, completed or otherwise and the number of 
dsRNAs comprising the complete genome. PgLV-1 is phylogenetically most closely related 
to LeV-HKB (4010 bp; incomplete, one dsRNA; unpublished), RnMBV1 (8931 bp; complete, 
larger of two dsRNAs; Chiba et al., 2009), FgV3 (9098 bp; complete, one dsRNA; Yu et al., 
2009), DsRV-1 (5018 bp; incomplete, one dsRNA at least; De Wet et al., 2008) and PgLV-2 
(8727 bp; incomplete, one dsRNA; Kozlakidis et al., 2009). All five of these mycoviruses 
have a similar genetic organisation to PgLV-1 with two ORFs in different frames predicted 
from the sequences, the downstream of which encode putative RdRPs.  Examination of the 
sequences upstream of the termination codons of ORF1 of all five mycoviruses reveal 
another termination codon in a different frame, which is in frame with the downstream start 
codon of ORF2, similar to PgLV-1. Likewise slippery sequences were identified between the 
two out of frame termination codons in LeV-HKB (5‟-AGGUAUA-3‟), RnMBV1 (5‟-AAAAAAC-
3‟; Chiba et al., 2009), FgV3 (5‟-GAAAAAC-3‟), DsRV-1 (5‟-AAAAUAC-3‟) and PgLV-2 (5‟-
GGAAAAC-3‟; Kozlakidis et al., 2009) with pseudoknots predicted downstream of the 
termination codon and upstream of the start codon of ORF2 in four of the five mycoviruses, 
LeV-HKB being the exception. The completely sequenced RnMBV1 and FgV3 genomes 
have very long 5‟-UTRs of 1637 bp and 866 bp and relatively short 3‟-UTRs of 57 bp and 44 
bp respectively and are similar to PgLV-1, which has a 729 bp 5‟-UTR and a 95  bp 3‟-UTR. 
Secondary structure analyses of the 3‟-UTRs of all three viruses revealed potential stem-loop 
structures and complex structures in the long 5‟-UTRs. RnMBV1 is encapsidated in a CP 
encoded by ORF1 while PgLV-1 appears to be unencapsidated (Kozlakidis et al., 2009) but 
the situation with the other four viruses is not known. Nevertheless while the number of 
dsRNAs which comprise the five mycovirus genomes above differ it appears that they all use 
the same frame shifting strategy to express their RdRP genes, in common with several 
members of the family Totiviridae, including Saccharomyces cerevisiae virus L-A (ScV-L-A), 
protozoan dsRNA viruses (Wickner et. al., 2005) and penaeid shrimp infectious myonecrosis 
virus (Nibert, 2007). 
Whether PgLV-1 has similar properties to ScV-L-A and other totiviruses, which synthesize 
CP from sequence upstream and the RdRP from sequence downstream of a translational 
frameshift (Icho and Wickner, 1989; Wickner et al., 2005) is not known. However BLASTP 
analysis of the PgLV-1 ORF1 protein did not reveal any significant similarity with the CPs of 
ScV-L-A, other totiviruses, with PgLV-2 or any other protein (Kozalakidis et al., 2009).  
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Interestingly, well established protocols for purifying mycovirus particles, which included 
precipitation with polyethylene glycol, ultracentrifugation and sucrose gradient 
ultracentrifugation, were attempted for PgLV-1 but only succeeded in purifying dsRNA and 
not virions, as evidenced by transmission electron microscopy and protein gel 
electrophoresis (Kozlakidis, 2005), suggesting that PgLV-1 is unencapsidated. In the current 
classification of viruses, unencapsidated mycoviruses are placed in either the family 
Hypoviridae (Nuss et al., 2005) or genus Endornavirus (Gibbs et al., 2005; Osaki et al., 
2006). However, the sequence of PgLV-1 showed no similarity to the sequences of 
hypoviruses or endornaviruses. Putative PgLV-1 ORF1 proteins contained regions rich in 
alanine and proline residues in the N-terminal region and some known phosphorylation sites 
but their significance is unclear.  
It is also clear that the strategy used by PgLV-1 and related viruses for gene expression is 
much more prevalent in mycoviruses than previously thought and might form the basis of a 
classification scheme in the future as more mycovirus genomic sequences are completed. 
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3.4 Conclusions and Future work 
 
The aim of this chapter was to develop technology that could be employed to achieve the 
main aim of the project, the screening and characterisation of mycoviruses found in 
Aspergillus fumigatus. The results of all three projects have been described in sections 3.1- 
3.3. All the Phytophthora ramorum isolates obtained from USA and Europe screened were 
negative in terms of presence of endornavirus but this project was helpful in terms of 
learning dsRNA extraction techniques (LiCl extraction; section 2.7.7.1) which would prove 
helpful in future projects including the large scale screening of other fungi for the presence of 
dsRNAs and the main Aspergillus project.   
 
Molecular characterisation of one the fast migrating components of the Aspergillus foetidus-F 
dsRNAs, dsRNA-3 was completed using the RLM-RACE technique, which is used for 
sequencing terminal sequences (both 5‟- and 3‟-) of dsRNAs.  Here this technique was 
successfully employed to sequence the 5‟-terminus of one dsRNA. The complete nucleotide 
sequence of AfV dsRNA-3 was analysed and showed similarity to Alternaria alternata virus-1 
dsRNA 3, a recently described novel polyadenylated mycovirus. Phylogenetic analysis of 
AaV-1 has revealed its evolutionary relatedness with the members of families Totiviridae, 
Partitiviridae and Chrysoviridae but the genomic structures are different in all the families as 
compared to AaV-1 (Aoki, et al., 2009). In turn the putative RdRP encoded by AaV-1 virus is 
significantly similar to Aspergillus virus 341 dsRNA-1 and both of these viruses cluster as a 
new group. Based on similarities in the genomic organisation of AfV-F, AsV-341 and AaV-1, 
including polyadenylation of all four dsRNAs and possession of 5‟-UTRs of similar length, it is 
conceivable that together they might be classified as a new virus group. However the 
sequence of all four AfV-F dsRNAs has to be completed before this can be established.  
 
The third project undertaken during the course of technology development was completing 
the molecular characterisation of the largest dsRNA virus isolated from P. gigantea which 
has been renamed P. gigantea large virus-1 (PgLV-1). Analysis of the complete sequence of 
the PgLV-1 genome revealed that it contains two ORFs in different frames on the genomic 
plus strand and potentially encodes a fusion protein which is apparently expressed by a 
translational frameshifting mechanism. The genome possesses a very long 5‟-UTR, thought 
to be uncharacteristic of mycoviruses until the sequences of several viruses which appear to 
be related to PgLV-1 were reported recently (section 3.3.1.2.1). Also, the phylogeny of 
PgLV-1 revealed that it is only distantly related to confirmed members of the family 
Chrysoviridae and Totiviridae and clustered with RnMBV1 and FgV3 (both of which have 
long 5‟-UTR‟s). These observations indicate that PgLV-1, which shows little similarity with the 
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existing families recognised so far, together with the other recently related viruses, might 
constitute a new virus grouping.  
 
As discussed in section 3.3, the efficacy of P. gigantea as a bio-control agent has declined 
so one of the ways of exploiting this in future as a bio-control agent may be to use PgLV-1 
and PgLV-2 (after complete characterisation) to construct expression vectors for RNA 
silencing studies.   
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CHAPTER FOUR 
 
Identification and characterisation of dsRNA element from 
Aspergillus fumigatus  
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4 Identification and characterisation of dsRNA elements from Aspergillus fumigatus 
The aim of this chapter was to identify and characterise dsRNA elements in Aspergillus 
fumigatus. For this purpose 39 clinical isolates were obtained from Dr. Michael Petrou 
(Hammersmith Hospital). These isolates were grown (section 2.7.4) and screened for the 
presence of dsRNA elements using LiCl extraction (section 2.7.7.1). All isolates were 
screened in the presence of a positive control which was a strain of Aspergillus niger 1.8.22 
known to contained a dsRNA, supplied by Dr Anne van Diepeningen, Wageningen 
University, The Netherlands (Fig. 4.1). 
 
Figure 4.1 Agarose gel electrophoresis of Aspergillus fumigatus dsRNA extracts from two 
non-dsRNA containing, representative strains A-60 and A-61, together with a positive control 
dsRNA extracted from A. niger 1.8.22 known to contain a 3.2 kbp dsRNA element. 
Supernantant indicates the negative control for three extracts. Hyperladder 1 (M; 10 kbp; 
Bioline) was used as marker. 
4.1 Results and discussion 
4.1.1 Screening results 
Two isolates (A-54 and A-56) out of thirty nine isolates screened were found to contain 
dsRNA elements (Table 4.1).  
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Table 4.1 Results of screening Aspergillus fumigatus isolates for the presence of dsRNA 
elements obtained courtesy of the Chelsea and Westminster Hospital Special Trustees 
through Dr David Shanson and Dr Michael Petrou. 
 
Serial 
No. 
Accession 
No. 
Isolate 
No. 
DsRNA present/ absent 
1 40010 A-49 No 
2 40020 A-50 No 
3 40023 A-51 No 
4 40027 A-52 No 
5 40042 A-53 No 
6 40047 A-54 
Yes /Unclassified dsRNA 
profile 
7 40069 A-55 No 
8 40093 A-56 Yes/ Chrysovirus 
9 40096 A-57 No 
10 40117 A-58 No 
11 40125 A-60 No 
12 40134 A-61 No 
13 40141 A-62 No 
14 40155 A-63 No 
15 40159 A-64 No 
16 40171 A-65 No 
17 40190 A-66 No 
18 40192 A-67 No 
19 40194 A-68 No 
20 40215 A-69 No 
21 40221 A-70 No 
22 40223 A-71 No 
23 40235 A-72 No 
24 40275 A-73 No 
25 40298 A-74 No 
26 40303 A-75 No 
27 40317 A-76 No 
28 40339 A-77 No 
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29 40350 A-78 No 
30 40357 A-79 No 
31 40359 A-80 No 
32 40402 A-83 No 
33 40424 A-84 No 
34 40425 A-85 No 
35 40433 A-86 No 
36 40439 A-87 No 
37 40443 A-88 No 
38 40455 A-89 No 
39 40470 A-90 No 
 
A. fumigatus isolate A-56 was the first isolate found to be infected with a mycovirus with a 
dsRNA profile apparently comprising three segments ranging in size from 2.5 to 3.5 kbp (Fig. 
4.2). Partially purified A-56 dsRNA was treated with DNase 1 and S1 nuclease (section 
2.7.6.5) to remove host contaminating nucleic acids and gel electrophoretic analysis of the 
purified product confirmed the sizes and profile of the dsRNAs (Fig. 4.3).  
 
 
Figure 4.2 Agarose gel electrophoresis showing dsRNA profile of the A-56 isolate. 
Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
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The profile and sizes of these dsRNAs are reminiscent of members of the family 
Chrysoviridae apart from the fact that all the members of this family have a genome 
comprised of four segments. Confirmation that the A-56 isolate was infected with a 
chrysovirus was obtained following cloning and sequencing the dsRNA elements associated 
with the fungus.  
 
Figure 4.3 Agarose gel electrophoresis showing dsRNA profile (three segments) of A-56 
isolate after purification. Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
 
During the later stages of screening the A. fumigatus isolates for the presence of dsRNAs 
another isolate was found to contain three elements ranging in size from 1.0-2.5 kbp and 
nominated dsRNAs 1-3 (A-54; Fig. 4.4).  This type of dsRNA profile has not been described 
previously for any mycovirus associated with Aspergillus spp. and the elements were not 
investigated further due to the time constrain.  
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Figure 4.4 Agarose gel electrophoresis of dsRNAs isolated from the A. fumigatus A-54 
isolate. Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
4.2 Sequencing of the Aspergillus fumigatus chrysovirus genome 
4.2.1 Sequencing strategy 
 
The A-56 dsRNA was subjected to RT-PCR (section 2.7.8.2) using oligonucleotide primer 
(ZK-1, 5‟-CCAGGTGCATCAAGGTTGG-3‟) which was successfully used before to prime 
cDNA synthesis on another mycovirus dsRNA to generate amplicons (Kozlakidis et al., 
2006). The RT-PCR generated a ladder of amplicons (Fig. 4.5) and individual bands were 
extracted (section 2.7.6.6), ligated into the pGEM-T Easy vector and transformed into E. coli 
JM109 competent cells (section 2.8). The resulting recombinant clones were sequenced and 
their sequences analysed using the BLASTX program (Altschul et al., 1990) to identify 
homology with previously characterised sequences in the database. Nucleotide sequence 
analysis revealed the presence of four distinct dsRNA segments. Once sequencing data for 
all four elements was available, primers were designed upstream (5‟-) and downstream (3‟-) 
of the extant sequences for genome walking (sections 4.4.1 - 4.4.4) and an RLM-RACE PCR 
procedure was used to determine the 5'- and 3'-terminal sequences of the dsRNAs (Coutts & 
Livieratos, 2003).  All clones were sequenced in triplicate as described before (Coutts et al., 
2004) (section 2.7.8.4; Fig. 4.6).  
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Figure 4.5 Agarose gel electrophoresis of PCR amplicons generated from a mixture of the 
Aspergillus fumigatus isolate A-56 dsRNAs. Hyperladder 1 (M; 10 kbp; Bioline) was used as 
marker.  
 
Figure 4.6 Agarose gel electrophoresis showing amplicons produced following the RLM-
RACE procedure to determine the 5‟- and 3‟- ends of the chrysovirus dsRNAs. Primers used 
in this procedure along with the respective ends sequenced are indicated. Hyperladder 1 (M; 
10 kbp; Bioline) was used as marker.    
4.2.2 Confirmation of number and size of segments in the dsRNA genome 
Sequence information for all contigs of the A-56 chrysovirus cDNAs suggested that its 
genome comprised four dsRNA elements rather than three elements as suggested from 
analysis of the original dsRNA preparations on ethidium bromide stained agarose gels. The 
1 
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genome organisation of A-56 chrysovirus is shown in Fig. 4.7. Similar results were obtained 
when Penicillium chrysogenum virus (PcV) was sequenced.  Initially PcV was also believed 
to possess three segments (Wood and Bozarth, 1972; Buck and Girvan, 1977) but cDNA 
cloning and nucleotide sequencing analysis revealed the presence of four distinct dsRNA 
segments (Jiang and Ghabrial, 2004). In the case of the A. fumigatus A-56 isolate two of the 
elements dsRNA3 and 4 co-migrated when separated by gel electrophoresis as they differ in 
size by only 143 bp. Subsequently northern hybridisation analysis confirmed that all four 
segments of the A-56 dsRNA genome possess unique sequences. The four dsRNAs of three 
other chrysoviruses Hv145SV, ACDACV and CCRSACV were clearly resolved following 
agarose gel electrophoresis (Ghabrial, 2008a). To check and confirm whether it is possible 
to separate the two co-migrating dsRNAs of isolate A-56 on gels, electrophoresis was carried 
out on larger gels for an extended period of time (overnight) at low voltage. Examination of 
the stained gels revealed clear separation of the four dsRNA elements, the size and profile 
of which is clearly very similar to that of members of the family Chrysoviridae (Fig. 4.8). 
The four elements were nominated Aspergillus fumigatus chrysovirus (AfuCV) dsRNA 1, 
dsRNA 2, dsRNA 3 and dsRNA 4 respectively according to decreasing size (Jamal et al., 
2010; Fig. 4.7) following the same convention used for the type species of the Chrysoviridae, 
PcV (Jiang and Ghabrial, 2004). 
 
Figure 4.7  Genome organisation of Aspergillus fumigatus chrysovirus (AfuCV). The genome 
consists of four dsRNA segments; each is monocistronic. The RNA-dependent RNA 
polymerase (RdRP) P1, open reading frame (ORF; nt positions 129–3473 on dsRNA1), the 
coat protein (CP) P2 ORF (nt positions 168–3029 on dsRNA2), the P3 ORF (nt positions 
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170–2845 on dsRNA3), and the P4 ORF (nt positions 155–2698 on dsRNA4) are 
represented by rectangular boxes. Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
 
Figure 4.8 Agarose gel electrophoresis of AfuCV showing four distinct dsRNA segments after 
an extended  period of time for electrophoresis at low voltage. Hyperladder 1 (M; 10 kbp; 
Bioline) was used as marker. 
4.3 Northern blots of AfuCV dsRNA elements 
Northern blotting was performed using cDNA clones of all four dsRNA as probes. PCR 
amplified fragments were cloned into pGEM-T Easy and the resulting plasmid was oligo-
labelled with [α32] P dCTP (Feinberg and Vogelstein, 1984; section 2.15.2). Highly purified 
dsRNA were used in the northern blots and the membranes were exposed to X-ray film for 
various lengths of time depending on the quality and strength of radioactive signals following 
hybridisation. The results are shown in Fig. 4.9. The northern blots confirmed that the 
sequences obtained correspond to all the four dsRNA elements. 
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Figure 4.9 Northern blots of the four dsRNAs (lane 3-6) isolated from A. fumigatus isolate A-
56 probed with radioactive cDNAs suspected to be representative of those dsRNAs.  Lane 2 
contains A-56 dsRNAs stained with ethidium bromide Lane 1 contain Hyperladder 1 (M; 10 
kbp; Bioline) which was used as a marker. 
4.4 Sequence information 
4.4.1 Aspergillus fumigatus chrysovirus (AfuCV) dsRNA 1 
AfuCV dsRNA 1 is 3560 bp long and it contains a single ORF (dsRNA1 ORF) from nt 
positions 129 to 3473 (GenBank accession no. FN178512). The complete genome 
organisation of dsRNA 1 can be seen in Fig. 4.10. Computer assisted translation of the 
cDNA sequence showed that the dsRNA contained one single ORF, 1114 amino acids long 
with a predicted protein product of 128.85 kDa and pI = 5.84. The 3‟ UTR is 87 bp long, while 
the 5‟ UTR is 128 bp long. Translation of the ORF is thought to initiate at the first AUG in the 
sequence at bp 129 which conforms to Kozak‟s rules since the second AUG at bp 164 is in a 
sub-optimal context (Kozak, 1995). The nomination and sequence of the oligonucleotide 
primers used to complete the sequence of AfuCV dsRNA 1 are shown in Table 4.2 and their 
approximate position and orientation are shown in Fig. 4.11.  
 
 
Figure 4.10 Diagram showing genome organisation of AfuCV dsRNA 1. 
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Figure 4.11 Schematic representation of the primers used to complete the sequence of 
AfuCV dsRNA 1. The approximate position and orientation of the primers are shown. 
 
Table 4.2 Sequence of oligonucleotide primers used to complete the sequence of AfuCV 
dsRNA 1 as shown in Fig. 4. 11. 
Primer name Sequence 
Position in 
genome (bp) 
AJ-3 5‟-CCTCGAATAGGGATTTCTTGTTG-3‟ 1830 
AJ-4 5‟-GCTTGACCACGGTGGGGATGAC-3‟ 2410 
AJ-5 5‟- GCTAGCCGTGACTACGTCG-3‟ 2920 
AJ-11 5‟- CCAGAGCGGCAACACCTGTA -3‟ 1320 
AJ-12 5‟- CGAGGTTGATGAGGAGACTGAG-3‟ 3160 
AJ-17 5‟- GATGTTCATCTCATGGGCAGT-3‟ 670 
AJ-27 5‟- TTGTAGCGTGCCATTGAGTGC -3‟ 330 
Examination of the deduced amino acid sequence of dsRNA 1 ORF revealed the presence of 
eight conserved motifs (Fig. 4.12) characteristic of RNA-dependent RNA polymerases 
(RdRPs) of dsRNA viruses of simple eukaryotes (Bruenn, 1993).  BLAST searches of the 
deduced amino acid sequence of dsRNA 1 ORF showed that it has significantly high 
sequence similarity to the RdRP encoded by PcV (E-value 0.0; 70 % identity and 83 % aa 
sequence similarity). High similarities (BLAST hits of e–16 or lower) were also found to the 
RdRPs of all the other members and tentative members of the family Chrysoviridae including 
the unclassified Agaricus bisporus virus 1 (AbV-L1; Ghabrial, 2008a). As noted previously for 
PcV (Jiang and Ghabrial, 2004) a comparison of the conserved motifs of all of the suspected 
chrysovirus RdRPs including AfuCV revealed high similarity hits (e–5 or lower) with the 
RdRPs of several members of the family Totiviridae and no significant hits with viruses in the 
family Partitiviridae suggesting that the RdRPs of chrysoviruses are more closely related to 
the former rather than the latter (Fig. 4.12).  This conclusion was further supported by the 
results of phylogenetic analysis based on the complete nucleotide sequence analysis of the 
RdRPs of selected members of the three families (Fig. 4.13).   
MOTIF       1            2                   3                    4 
 
AfuCV     LVGRS(73) WLTKGSLVY(59) KY-EVGN-KDRTLLPGTLVHF(44) YDWANFNEQHS(49) 
PcV       LVGRG(73) WLTKGGLVY(59) KY-EVGK-KDRTLLPGTLVHF(44) YDWANFNEQHS(49)  
CnV-bs131 LVGRT(74) WLTKGGLVY(60) KF-ETGR-KDRTLLPGTLIHF(44) YDWADFNEQHT(49) 
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CnV-bs132 LVGRT(74) WLTKGGLVY(60) KF-ETGR-KDRTLLPGTLIHF(44) YDWADFNEQHT(49)  
CnV-BS122 LVGRT(74) WLTKGGLVY(60) KF-ETGR-KDRTLLPGTLIHF(44) YDWADFNEQHT(49)  
CnV-BS321 LVGRT(74) WLTKGGLVY(60) KF-ETGR-KDRTLLPGTLIHF(44) YDWADFNEQHA(49) 
Hv145SV   LLGRR(74) WMTKGSLVS(58) KLNENGH-KDRVLLPGGLLHY(44) YDWANFNVQHS(49)  
ACDACV    LVGRR(74) WLTKGSTVY(58) KLNECGY-KDRTLLPGSLFHY(44) FDWANFNAFHS(49)  
CCRSACV   LVGRR(74) WLTKGSTVY(58) KLNECGY-KDRTLLPGSLFHY(44) FDWANFNAFHS(49)  
FoCV-1    LLGKE(74) WLTKGSTVE(58) KLDENGH-KRRALLPGSLMHY(43) FDWANFNLYHS(49)  
AnV-1816  LVGRH(76) WVKPGSATG(70) KH-EVGKLEGRALYPANLLHY(45) LDYANFNEQHE(48) 
          *:*:      *:. *. .      *  * *  : *.* *. *.*:      *:*:**  * 
 
CmV       LLGRD(67) WAVNGAHSG(46) KL-EHG--KTRAIFAWDTINS(46) LDYDDFNSHHT(46)  
MoV-2     LLGRD(66) WAVNGAHSN(45) KL-EQG--KTRAIFACDTLNY(46) LDYDDFNSQHS(46)  
GaV-L2    LLGRA(66) WAVHGAHSG(45) KL-EAG--KTRAIFACDTVNY(46) LDYDDFNSHHS(46) 
          ****      ********.     ** * *  ******* **:*      ********:*: 
 
CCRSAPV                           V-KKDDPNKMRTIWGCSKPWI(53) LDWKRFDKKAY(71) 
HmPV-VI-2                         VLVSSGIDKVRTVFGVPKYLI(52) LDWSEFDMRVY(79) 
SsPV                              VVGHEDADKIRAVFGVPKLLL(53) LDWSEFDKRAL(66) 
                                  *.  .. :*:*:::* .*  :     ***..** :. 
 
MOTIF                 5                     6                 7                      
 
AfuCV       GLYSGWRGTTWVNTVLNFCYV(19) DHGGDDIVLGL(18)KANKWKQMFG-VRSEFFRN(8)  
PCV         GLYSGWRGTTWVNTVLNFCYV(19) DHGGDDIVLGL(18)KANAWKQMFG-TRSEFFRN(8)   
CnV-bs131   GLYSGWRGTTWVNSVLNFCYV(19) DHGGDDVDAAV(18)NANAWKQLFS-TRSEFFRN(8)   
CnV-bs131   GLYSGWRGTTWVNSVLNFCYV(19) DHGGDDVDAAV(18)NANAWKQLFS-TRSEFFRN(8)   
CnV-BS122   GLYSGWRGTTWVNSVLNFCYV(19) DHGGDDVDAAV(18)NANAWKQLFS-TRSEFFRN(8)   
CnV-BS321   GLYSGWRGTTWVNSVLNFCYV(19) DHGGDDVDAAV(18)NANAWKQLFS-TRSEFFRN(8)  
HV145SV     GLYSGWRGTTWDNTVLNGCYM(19) DQGGDDVDQEF(18)EATKSKQMIG-RNSEFFRV(8)   
ACDACV      GLYSGWRGTSFLNSVLNSCYT(19) DHGGDDIDGGI(18)EAQKIKQMIG-IDSEFFRI(8)   
CCRSACV     GLYSGWRGTSFLNSVLNSCYT(19) DHGGDDIDGGI(18)EAQKIKQMIG-IDSEFFRI(8)   
FoCV-1      GLYSGWRGTTWINTVLNCVYT(19) DGGGDDHDGGL(18)KASAIKQMIA-MKSEFFRN(8)   
AnV-1816    GLLSGWRCTSWINSILNVAYL(19) QTGGDDVAAST(18)EFKAIKQLMGSGYVEFFRL  
            ** **** *:: *::**  *      : ****        :     **::.    **** 
 
CmV         TLMSGHRLTTYINSVCNEAYL(14) LHVGDDVYLGV(18)RMNPAKQSVGHVTTEFLRV(8)  
MoV-2       TLMSGHRCTTYINSILNAVYL(14) LHVGDDVYLGV(18)RMNPIKQSVGHVSTEFLRV(8)  
GaV-L2      TLMSGHRGTTFINSVLNKAYL(14) LHVGDDVYFGV(18)RMNRMKQSVGHVSTEFLRN(8)  
            ******* **:***: * .**     ********:**    ***  *******:***** 
 
 
CCRSAPV     GIPSGLFITQLIDSWYNYTML(17) KVQGDDSIIRL(28)SVNKSEVRNELNGCEVLSY(8) 
HmPV-VI-2   GMPSGIFCTQFYDSFYNAVII(18) KLMGDDALFGL(28)SATKCGYTRTIQGATVLSY(8) 
SsPV        GIASGFQQTQLLDSFVNMIML(19) KVQGDDSLISI(28)SVKKSFISDTPQGQYVLGY(8) 
            *:.**:  **: **: *  ::     *: ***::: :    *..*.      :*  **.* 
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MOTIF              8 
 
AfuCV       ASPTRALASFVAGDW   
PCV         ASPTRALASFVAGDW  
CnV-bs131   ASPTRALASFIAGDW   
CnV-bs131   ASPTRALASFIAGDW  
CnV-BS122   ASPTRALASFIAGDW  
CnV-BS321   ASPTRALASFIAGDW  
HV145SV     ASPVRGLATFVAGNW  
ACDACV      GSATRALARFVSGNW    
CCRSACV     GSATRALARFVSGNW  
FoCV-1      ASPVRTLTTFVNGKW  
AnV-1816    GSLCRMLGSAVSGQW   
            .*  * *   : *.* 
            
CMV         GYLARAVASITSGSW  
MoV-2       GYFARAVASTVSGNW  
GaV-L2      GYFARAVASTVSGNW  
            **:*******.**.* 
         
CCRSAPV     RDELAMLAQLYHTKA  
HmPV-VI-2   RSAEDVLAHLLAPKS  
SsPV        RLDDDLLSHLVFPER 
            *    :*::* ..:  
 
Figure 4.12 Comparison of the conserved motifs of RdRPs of selected isometric dsRNA 
mycoviruses. The numbers at the top indicate conserved motif number (Bruenn, 1993); the 
numbers of amino acid residues separating individual motifs are shown for each sequence. 
The amino acid positions corresponding to conserved motifs 1 and 2 for the RdRPs of 
viruses in the family Partitiviridae are not well defined and are not presented. Multiple 
sequence alignments were obtained using the CLUSTAL_X program (Thompson et al., 
1997) with the RdRP amino acid sequences of the following viruses whose accession 
numbers and abbreviations are shown in brackets. Upper tier: viruses in the family 
Chrysoviridae: Aspergillus fumigatus chrysovirus (AfuCV; FN178512), Penicillium 
chrysogenum virus (PcV; NC_007539), Cryphonectria nitschkei virus, four isolates (CnV-
bs131, -bs132, -BS122 and -BS321; GQ290650, GQ290651, GQ290649 and GQ290652 
respectively), Helminothosporium victoriae 145S virus (Hv145SV: NC_005978), Amasya 
cherry disease associated chrysovirus (ACDACV; AJ781166), Cherry chlorotic rusty spot 
associated chrysovirus (CCRSACV; AJ781397), Fusarium oxysporum chrysovirus 1 (FoCV-
1; EF152346), Aspergillus niger virus 1816 (AnV-1816; EU289896). Middle tier: viruses in 
the family Totiviridae: Coniothyrium minitans mycovirus (CmV; NC_007523), Magnaporthe 
oryzae virus-2 (MoV-2; NC_010246), Gremmeniella abietina RNA virus L2 (GaV-L2; 
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NC_005965). Lower tier: viruses in the family Partitiviridae: Cherry chlorotic rusty spot 
associated partitivirus (CCRSACV; AJ781401), Helicobasidium mompa partitivirus VI-2 
(HmPV-V1-2; AB110980), Sclerotinia sclerotiorum partitivirus (SsPV; NC_013014).  
Asterisks signify identical residues; colons signify highly conserved amino acid residues; 
single dots less conserved, but related residues. 
 
Figure 4.13 A Neighbourhood Joining (NJ) phylogenetic tree construction based on the 
complete amino acid sequences of RdRPs of the selected dsRNA viruses listed in Fig. 4.9. 
The deduced amino acid sequences of RdRPs of representative members of the families 
Chrysoviridae, Totiviridae, and Partitiviridae and Agaricus bisporus virus 1 (AbV-L1; X94361) 
were aligned using the CLUSTAL_X program. The phylogenetic tree was generated using 
the Fast Fourier Transform MAFFT program L9INS-1 (Katoh et al., 2005).  Numbers on the 
nodes indicate percentage of bootstrap support from 1000 replicates with branch lengths 
indicated. The tree was rooted with the RdRP of Leishmania RNA virus 1-1 (LRV-1-1; 
M92355), the type species of the genus Leishmaniavirus in the family Totiviridae. 
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4.4.2 AfuCV  dsRNA 2 
AfuCV dsRNA 2 is 3159 bp long and it contains a single ORF (dsRNA 2 ORF) from nt 
positions 168 to 3029 (GenBank accession no. FN178513). The complete genome 
organisation of dsRNA 2 can be seen in Fig. 4.14. 
 
Figure 4.14 Diagram showing genome organisation of AfuCV dsRNA 2 
 
Computer assisted translation of the cDNA sequence showed that the dsRNA contained one 
single ORF, 953 amino acids long with a predicted protein product of 107 kDa and pI = 8.87. 
This predicted size is similar to that estimated by SDS-PAGE for the AfuCV CP subunit 
derived from purified virions (section 6.3). The 3‟ UTR is 130 bp long, while the 5‟ UTR is 167 
bp long. Translation of the ORF is thought to initiate at the first AUG in the sequence at bp 
168 which conforms to Kozak‟s rules since the second AUG at  bp 172 is in a sub-optimal 
context (Kozak, 1995).  The nomination and sequence of the oligonucleotide primers used to 
complete the sequence of AfuCV dsRNA 2 are shown in Table 4.3 and their approximate 
position and orientation are shown in Fig. 4.15. Internal primers shown in colours in Fig. 4.15 
were used to resolve the sequence of ambiguous nucleotides.  
 
Figure 4.15 Schematic representation of the primers used to complete the sequence of 
AfuCV dsRNA 2. The approximate position and orientation of the primers are shown. 
 
 
 
 
   136 
Table 4.3 Sequence of oligonucleotide primers used to complete the sequence of AfuCV  
dsRNA 2 as shown in Fig. 4.15. 
Primer 
name 
Sequence 
Position in 
genome (bp) 
AJ-1 5‟-CCTCAACCAATACGTCGTAACC-3‟ 1670 
AJ-2 5‟- GAGAGAGAGGAATGGCTTGAGG -3‟ 2320 
AJ-6 5‟- GCTGGTATCCATCGCATAGG-3‟ 1120 
AJ-7 5‟- GCCAACTCGCCAGCCTGG-3‟ 2890 
AJ-9 5‟- GGATCTCGCGAAGTCTGTAG -3‟ 1300 
AJ-10 5‟- GTTGTGGTGACGGTGTCTTCAG-3‟ 1940 
AJ-9A 5‟- ACTACGCTGGTTAGGGAATGT-3‟ 1820 
AJ-10A 5‟- GTCCTCTTCCGAAGCTTGTT -3‟ 2060 
AJ-22 5‟- AACTGGATGTCACAGTGGAGC-3‟ 560 
AJ-25 5‟- CGAGCTGGGTCGGTGTATTGC-3‟ 1750 
AJ-26 5‟- GCTATCACATCACCTTCCCACG -3‟ 2550 
AJ-28 5‟- GCTACGGCCTCGCGCCTCAGC -3‟ 330 
BLAST searches of the deduced amino acid sequence of dsRNA 2 ORF showed significant 
high similarity hits with known and tentative members of the family Chrysoviridae only, with 
PcV CP being the most closely related (E-value 0.0; 52 % identity and 66 % sequence 
similarity).  
The numbers of identical residues between the predicted CP sequences were much fewer 
when compared with other related chrysoviruses. A phylogenetic tree, indicating the 
relationships among representative, sequenced chrysoviruses based on the full-length 
sequences of the CPs, (Fig. 4.16) confirms the hierarchical clustering shown with a similar 
tree constructed with the chrysovirus RdRP sequences described earlier (Fig. 4.13). 
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Figure 4.16 Phylogenetic tree indicating the relationships among representative, sequenced 
members of the Chrysoviridae based on full-length coat protein (CP) P2, sequences.  The 
tree was generated by the NJ method using the Fast Fourier Transform MAFFT program 
L9INS-1 (Katoh et al., 2005) with amino acid sequences of the CPs of Aspergillus fumigatus 
chrysovirus (AfuCV-P2;FN178513), Penicillium chrysogenum virus (PcV-P2;NC_007540), 
Cryphonectria nitschkei virus, four isolates (CnV-bs131-P2, -bs132-P2, -BS122-P2 and -
BS321-P2; GQ290646, GQ290647, GQ290645 and GQ290648 respectively), 
Helminothosporium victoriae 145S virus (Hv145SV-P2; NC_005979), Amasya cherry 
disease associated chrysovirus (ACDACV-P2; AJ781165) and Cherry chlorotic rusty spot 
associated chrysovirus (CCRSACV-P2; AJ781398) respectively; Numbers on the nodes 
indicate percentage of bootstrap support from 1000 replicates with branch lengths indicated. 
The tree was rooted with the CP of Atkinsonella hypxylon virus (AhV-P2; NC_003471) the 
type species of the genus Partitivirus. 
4.4.3 AfuCV dsRNA 3 
AfuCV dsRNA3 is 3006 bp long and it contains a single ORF (dsRNA 3 ORF) from nt 
positions 170 to 2845 (GenBank accession no. FN178514). The complete genome 
organisation of dsRNA 3 can be seen in Fig. 4.17. 
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Figure 4.17 Diagram showing genome organisation of AfuCV dsRNA 3. 
 
Computer assisted translation of the cDNA sequence showed that the dsRNA contained one 
single ORF, 891 amino acids long with a predicted protein product of 99.5 kDa and pI = 8.36. 
The 3‟ UTR is 161 bp long, while the 5‟ UTR is 169 bp long. Translation of the ORF is 
thought to initiate at the first AUG in the sequence at bp 169 which conforms to Kozak‟s rules 
since the second AUG at  bp 228 is in a sub- optimal context (Kozak, 1995). The nomination 
and sequence of the oligonucleotide primers used to complete the sequence of AfuCV  
dsRNA 3 are shown in Table 4.4 and their approximate position and orientation are shown in 
Fig. 4.18. Internal primers are also shown in purple in Fig. 4.18 and were used to resolve the 
sequence of ambiguous nucleotides. 
 
Figure 4.18 Schematic representation of the primers used to complete the sequence of 
AfuCV dsRNA 3. The approximate position and orientation of the primers are shown. 
 
Table 4.4 Sequence of oligonucleotide primers used to complete the sequence of AfuCV  
dsRNA 3 as shown in Fig. 4. 18. 
Primer name Sequence Position in genome (bp) 
AJ-15 5‟- GTCTCCAACTCCTCGCCTCAAC 1560 
AJ-16 5‟- GGTAGCTCAGATGGTGTCAAGA 1930 
AJ-20 5‟- AGGATTTCGTGCATCTGGTCG-3‟ 1030 
AJ-21 5‟- ATGAAGCTGGGTGCACCC-3‟ 2120 
AJ-23 5‟- GCTATATTCCTCTCAAATGGACC-3‟ 740 
AJ-24 5‟- CTCCCCTCTCCTAGCTCTTCG-3‟ 650 
AJ-29 5‟- ACCAGGTTTGTGACGCCTTGC -3‟ 890 
AJ-30 5‟- TACGCCAATCGATTCCATACG -3‟ 1580 
AJ-32 5‟- GGCTCTCAAGGCCTCATCATA-3‟ 740 
AJ-33 5‟-CGTAGTGTCATCAACCGGTC-3‟ 2600 
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Assignment of numbers 1 to 4 to the AfuCV dsRNAs was made according to their 
decreasing size, following the same convention used for the type chrysovirus species PcV 
(Jiang and Ghabrial, 2004). However, sequence comparisons between all members and 
tentative members of the family Chrysoviridae indicated that the dsRNA 3 components of 
both PcV and AfuCV were more closely related to the dsRNA 4 components of all other 
chrysoviruses sequenced thus far. BLAST searches of the nucleotide sequence of dsRNA 3 
showed significant and highest similarity with PcV dsRNA 3 (E-value 6e-156; 35 % identity 
and 54 % sequence similarity; Fig. 4.19).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   140 
Figure 4.19 Alignment of the AfuCV dsRNA 3 with PcV dsRNA 3 showing significant 
homology. 
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Previous analysis of the PcV-P3 sequence revealed that the it shared a „phytoreo S7 
domain‟ with a family consisting of several phytoreovirus P7 proteins known to be viral core 
proteins with nucleic acid binding activity (Jiang and Ghabrial, 2004).  Now that the 
sequences of several chrysovirus genomes are known, including both AfuCV and a 
Cryphonectria nitschkei chrysovirus (Liu et al., 2007; Kim et al., 2009), a consensus 
sequence of LXX(V/I)X(M/L)PX(G/L)XGK(T/SXX(A/C)XXX(N/G)XXDXD for the domain can 
be predicted (Fig. 4.20).  
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Viral protein        Amino acid sequence 
                                                                  
CnV-OB5-11-P4        LLCVVIPSLLGKTTLANQFGWLDVD  
ACDACV-P4       (62) LFAIVLPAGCGKSTLCRKYGYLDID  
CCRSAV-P4       (62) LFAIVLPAGCGKSTLCRKYGYLDID 
Hv145SV-P4      (81) LYTVVMPAGCGKTTIANEFNCIDVD 
PcV-P3         (101) LYGVVMPMGHGKTTLAQEEGWIDCD  
AfuCV-P3        (91) LYGVLMPMGHGKSHLASLEGWIDSD 
AfuCV-P1        (80) LYAVIMPAGCGKSYLAKKYGMVDVD 
PcV-P1          (83) LFAVIMPSGCGKTSLARTYGMVDVD 
CnV-OB5-11-P1   (73) LFAIVMPAGHGKTHYAKKFGFIDVD 
Hv145SV-P1      (59) LFAIILPAGTGKTYLAKKYGFIDVD 
ACDACV-P1       (61) LFAIVMPGGTGKTRWAREYGLVDVD 
CCRSACV-P1      (61) LFAIVMPGGTGKTRWAREYGLVDVD                     
                     *  :::*   **   .   . :* * 
 
Figure 4.20 Multiple alignment of the amino acid sequences of the N-terminal regions of the 
third largest dsRNA segments of the genomes of Aspergillus fumigatus chrysovirus (AfuCV-
P3; FN178514), Penicillium chrysogenum virus (PcV-P3; NC_007541), and the fourth largest 
dsRNA segments of the genomes of Cryphonectria nitschkei virus-OB5-11 (incomplete; 
CnV-OB5-11-P4; DQ865189), Helminothosporium victoriae 145S virus (Hv145SV-P4; 
NC_005981), Amasya cherry disease associated chrysovirus (ACDACV-P4; AJ781163) and 
Cherry chlorotic rusty spot associated chrysovirus (CCRSACV-P4; AJ781400), with the 
corresponding regions of the RdRP proteins (P1): AfuCV-P1, PcV-P1, CnV-bs132-P1, 
Hv145SV-P1, ACDACV-P1 and CCRSACV-P1, whose accession numbers are shown in 
Table 4.8. The numbers of amino acid residues from the starting codons for each completely 
sequenced protein is shown in brackets.  Asterisks signify identical residues; colons signify 
highly conserved amino acid residues; single dots less conserved, but related residues. 
 
A phytoreo S7 domain is also present in the genomic sequence of the unclassified mycovirus 
Fusarium graminearum virus 3 (Yu et al., 2009).  As illustrated in a recent review (Ghabrial, 
2008a) phytoreovirus P7 proteins and possibly chrysovirus P3 and comparable P4 proteins 
bind to their corresponding P1 (transcriptase/replicase) proteins, which in turn bind genomic 
dsRNAs. It is significant that the N-terminal regions of all chrysovirus P3s and comparable 
P4s (encompassing the amino acids within positions 1–500) share significant sequence 
similarity with the N-terminal regions of the putative RdRPs encoded by their corresponding 
dsRNA 1s (Ghabrial, 2008a). A multiple alignment of a portion of the N-terminal region 
sequences of representative chrysovirus P3s and P4s together with their RdRPs is shown in 
Fig. 4.20 to demonstrate the level of similarity between the putative proteins. The regions in 
the dsRNA 1-encoded proteins with high similarity to chrysovirus P3s and P4s occur 
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upstream of the eight highly conserved motifs characteristic of RdRPs of dsRNA viruses of 
simple eukaryotes (Fig. 4.12).  The significance of this sequence similarity to the function of 
the chrysovirus P3s and P4s is unknown, but it is plausible that the N-terminal region of 
these proteins may play a role in viral RNA binding and packaging (Ghabrial, 2008a).   
4.4.4 AfuCV dsRNA 4 
AfuCV dsRNA 4 is 2863 bp long and it contains a single ORF (dsRNA 4 ORF) from nt 
positions 155 to 2698 (GenBank accession no. FN178515). The complete genome 
organisation of dsRNA 4 can be seen in Fig. 4.21. 
 
Figure 4.21 Diagram showing genome organisation of AfuCV dsRNA 4. 
 
Computer assisted translation of the cDNA sequence showed that the dsRNA contained one 
single ORF, 847 amino acids long with a predicted protein product of 95.2 kDa and pI = 5.64. 
The 3‟ UTR is 165 bp long, while the 5‟ UTR is 154 bp long. Translation of the ORF is 
thought to initiate at the first AUG in the sequence at bp 154 which conforms to Kozak‟s rules 
since the second AUG at  bp 182 is in a sub- optimal context (Kozak, 1995). The nomination 
and sequence of the oligonucleotide primers used to complete the sequence of AfuCV 
dsRNA 4 are shown in Table 4.5 and their approximate position and orientation are shown in 
Fig. 4.22.  
 
 
Figure 4.22 Schematic representation of the primers used to complete the sequence of 
AfuCV dsRNA 4. The approximate position and orientation of the primers are shown. 
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Table 4.5 Sequence of oligonucleotide primers used to complete the sequence of AfuCV  
dsRNA 4 as shown in Fig. 4.22. 
Primer 
name 
Sequence Position in genome (bp) 
AJ-8 5‟- GGTCAGAGATGTGGAATTTTGG-3‟ 1800 
AJ-13 5‟- GTCACCCTGACCATACCAGC-3‟ 1600 
AJ-14 5‟- TTGGAACGGATGCGGGCCATC-3‟ 2100 
AJ-18 5‟- CATCCCGTAAAGCAGGTCGGA-3‟ 1250 
AJ-19* 5‟ GAGGAAAAGGATGACTATGTGC-3 2210 
AJ-31M 5‟- CTACATTCAGTCTTGGCCACG -3‟ 1110 
AJ-34 5‟-CTTCACCGGCATACCAAACA-3‟ 880 
AJ-35 5‟- GCTGGGTGCTATTGTATCGC-3‟ 250 
It has been suggested that the PcV-P4 protein is virion-associated as a minor protein 
(Ghabrial, 2008a) but evidence for this with AfuCV-P4 is lacking. Using the convention 
described above for the assignment of numbers 1 to 4 to the AfuCV dsRNAs, sequence 
comparisons between all members and tentative members of the family Chrysoviridae 
indicated that the dsRNA 4 components of both PcV and AfuCV were more closely related to 
the dsRNA 3 components of all other known and tentative chrysoviruses sequenced thus far. 
BLAST searches of the nucleotide sequence of dsRNA 4 showed significant and highest 
similarity with PcV dsRNA 4 (E-value 0.0; 69 % identity and 84 % sequence similarity; Fig. 
4.23). 
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Figure 4.23 Comparison of nucleotides sequence of AfuCV dsRNA 4 with PcV dsRNA 4. 
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As originally illustrated for ACDACV and CCRSACV dsRNA 3s (Covelli et al., 2004) this type 
of protein, as potentially encoded by the comparable dsRNA components of all known and 
tentative chrysoviruses sequenced thus far contains the motif PGDG(K/S)CGXHA (Fig. 
4.24).  This motif (I), along with motifs II (with a conserved K), III and IV (with a conserved H), 
form the conserved core of the ovarian tumour gene-like superfamily of predicted proteases 
(Makarova et al., 2000). Multiple alignments showed that motifs I to IV were also present in 
the ORFs of other viruses including the putative mycovirus, La France disease L3 dsRNA 
(Harmsen et al., 1991), Potato virus M, Hop latent virus and Blueberry scorch virus, three 
carlaviruses; and Rupestris stem pitting-associated virus 1, a foveavirus . Whether the RNAs 
of any of these viruses indeed code for the predicted proteases remains to be investigated.  
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Viral protein   Amino acid sequence 
 
PcV-P4          PGDGSCGIHA 
AfuCV-P4        PGDGSCGIHA 
CnV-OB5-11-4-P3 PGDGKCGLHA 
Hv145sv-P3      PGDGSCGVHA 
ACDACV-P3       PGDGKCGLHA 
CCRSAV-P3       PGDGKCGLHA 
                ****.**:** 
 
Figure 4.24 Multiple alignment of the amino acid sequences of the C-terminal region of the 
fourth largest dsRNA segments of the genomes of Aspergillus fumigatus chrysovirus (AfuCV-
P4; FN178515), Penicillium chrysogenum virus (PcV-P4; NC_007542) and the third largest 
dsRNA segments of the genomes of Cryphonectria nitschkei virus-OB5-11 (CnV-OB5-11-P3; 
DQ865188), Helminothosporium victoriae 145S virus (Hv145SV-P3; NC_005980), Amasya 
cherry disease associated chrysovirus (ACDACV-P3; AJ781164) and Cherry chlorotic rusty 
spot associated chrysovirus (CCRSACV-P3; AJ781399).  The region shown is putative motif 
1 of 4 motifs which form the core of the ovarian tumour gene-like superfamily of predicted 
proteases (Makarova et al., 2000; Covelli et al., 2004).  Asterisks signify identical residues; 
colons signify highly conserved amino acid residues; single dots less conserved but related 
residues. 
4.5 The 5’ and 3’ UTRs 
The 5'- and 3'-UTRs of the four AfuCV dsRNAs respectively contained strictly conserved 
UGAUAAAAAA- and -AAAUAAGUGU termini (Fig. 4.25).  
 
(A) 
AfuCV-RNA1     UGAUAAAAAAGAAAGAA--------UCCACUCCGGCCUGAGGAGGUGUCCGAAACGGCUG 
AfuCV-RNA2     UGAUAAAAAAA-CAGAA--------UUCCUACUGGCCUGAGGAGUUAGACGAAACGGCGG 
AfuCV-RNA4     UGAUAAAAAA--CAGAA--------UUCCUACUGGCCUGAGGAGGUAACCGAAACGGCAG 
AfuCV-RNA3     UGAUAAAAAA--CAGAAAUCCUUAUCUCUUGCUGGCCUGAGGAG-CAAGCGAAACGGCAG 
               **********  :****        ::* : *:*********** ::  ********* * 
 
 
AfuCV-RNA1     GUCGUCGUCGGAGGGAUUCGGCAUAUUAUUACAUCA------------------------ 
AfuCV-RNA2     GCCGUAGCCAGUAGGC--GGGAAUUCUGACACAUAUACAUACAAUACUUGAUCAUAAUAA 
AfuCV-RNA4     GCCGUAGCCAGUAGGCAUAGGAAUU----CACAAUAACACAAUAUACU--------AUAG 
AfuCV-RNA3     GCCGUAGUCAGCAAGG--GAGGAUUCACGCACAUUU-UAUACUGUAGAC-AUCAUAUUAC 
               *:***:* *:* ::*    :* **:    :***:                            
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AfuCV-RNA1    ----------AUACAGUGAUAAUACAUUA-----------ACAACCAGCACAAUAUACAAU 
AfuCV-RNA2    CAAUAACAAUACACACUCACGAUAUAAUACAGUUGAAACGAUAC---AAACAUAACUCAAU 
AfuCV-RNA4    GAUCAACGAUAUACAAU----AUAUAACA-GAUUGACACAGCACACCAGACAAGUAUCAAC 
AfuCV-RNA3    AAUCAGAUAUAUAUAAU----ACUUGUUACAUCUUACGUUAUACGUGGAGCA-GGCUUAAC 
              *:*:* *    *:    :*           : *:     :**    ::** 
(B) 
AfuCV-RNA4    ------UUGUGAGUGUUUUUAAGCAAACUACCCUUUGGCUUAAAAAUAAGUGU 
AfuCV-RNA2    ------UUAUGGUUAUUUUUAAGUAAACUACCCUUAGGCUUAAAAAUAAGUGU 
AfuCV-RNA3    UGUUAACAAUGAGUAUUUUUAGGCAAACUACCCUUAGGCUUAAAAAUAAGUGU 
AfuCV-RNA1    ------CCGAGAGUAUUUAAGAGCAAACUACGCUAUGGCUUUUAAAUAAGUGU 
                        *::*:***::::*:*******:**: *****::********** 
Figure 4.25 Comparison of the 5‟- and 3‟-UTRs of the four dsRNA segments of AfuCV.  
Multiple sequence alignments were obtained using CLUSTAL_X (Thompson et al., 1997) 
and some manual adjustments with the nucleotide sequences of the 5‟-UTRs (A) and the 3‟-
UTRs (B).  The CAA repeats are underlined in (A).  Asterisks signify identical nucleotides at 
the indicated positions and colons specify that three out of four nucleotides are identical at 
the indicated positions. 
 
The 5'- and 3‟-termini of the four AfuCV dsRNAs were virtually identical to those of PcV and 
Hv145SV viz. GAUAAAAA- and -UAAGUGU, apart from a conserved, additional terminal 5‟-
U residue in the AfuCV dsRNAs but, they differed considerably from those of ACDACV and 
CCRSACV, which themselves were identical to one another (Fig. 4.26).  
               5’-terminus             3’-terminus 
Hv145SV-RNA1   5’-GAUAAAAAGAAAA-AU..   ..UUAGGACUUUAAGUGU-3’ 
Hv145SV-RNA2   5’-GAUAAAAACAAAAAAU..   ..UUCGGACUUUAAGUGU-3’ 
Hv145SV-RNA3   5’-GAUAAAAACAGAAAAU..   ..UUCGGACUUUAAGUGU-3’ 
Hv145SV-RNA4   5’-GAUAAAAACAGAAAAU..   ..UGCGGACUUUAAGUGU-3’ 
 
PcV-RNA1       5’-GAUAAAAAAAGAAUAA..   ..GCUUUAAAAUAAGUGU-3’ 
PcV-RNA2       5’-GAUAAAAAAACAAUAA..   ..GCUUUAAAAUAAGUGU-3’ 
PcV-RNA3       5’-GAUAAAAAAACGAUAA..   ..GCUUUAAAAUAAGUGU-3’ 
PcV-RNA4       5’-GAUAAAAAAACGAUAA..   ..GUUUUAAAAUAAGUGU-3’ 
 
AfuCV-RNA1    5’-UGAUAAAAAAGAAA-GA..   ..GCUUUUAAAUAAGUGU-3’ 
AfuCV-RNA4    5’-UGAUAAAAAACAGA-AU..   ..GCUUAAAAAUAAGUGU-3’ 
AfuCV-RNA3    5’-UGAUAAAAAACAGA-AA..   ..GCUUAAAAAUAAGUGU-3’ 
AfuCV-RNA2    5’-UGAUAAAAAAACAG-AA..   ..GCUUAAAAAUAAGUGU-3’ 
 
 
 
   149 
CCRSACV-RNA1   5’-GAAAUUAUGGUUUUUG..   ..AUUGUCAAUAAUAUGC-3’ 
CCRSACV-RNA2   5’-GAAAUUAUGGUUUUUG..   ..GUGUUGAUAUAUAUGC-3’ 
CCRSACV-RNA3   5’-GAAAUUAUGGUUUUUG..   ..GGUUAUAACUAUAUGC-3’ 
CCRSACV-RNA4   5’-GAAAUUAUGGAUUUUG..   ..AUGUGUAACUAUAUGC-3’ 
                  ** *  *                          *  ** 
Figure 4.26 Comparison of the nucleotide sequences of the 5‟- and 3‟-termini of chrysovirus 
dsRNAs.  Identical nucleotides in the same position are shown with asterisks. 
 
Additionally, the 5'- and 3'-UTRs of the four AfuCV dsRNAs showed strong sequence 
similarities in their internal parts. This was specifically the case with the 5'-UTRs, which 
contained a highly conserved stretch of nucleotides (Fig. 4.25) similar to the so-called „Box 1‟ 
of all chrysoviruses (Ghabrial, 2008a), followed by a less-conserved stretch of nucleotides 
containing a number of CAA repeats (Fig. 4.25A).  These repeats are also characteristic of 
the 5'-UTRs of chrysovirus dsRNAs (Jiang and Ghabrial, 2004; Ghabrial, 2008a) and have 
been previously identified in the 5'-leader sequence of Tobacco mosaic virus RNA as a 
binding site for the heat-shock protein HSP101, which is required for translational 
enhancement (Gallie and Walbot, 1992; Gallie, 2002).  
 
The presence of extended conserved terminal sequences in all viral segments is a known 
feature of ssRNA and dsRNA viruses with multipartite genomes (e.g. Anzola et al., 1987; 
Antczak et al., 1982; Attoui et al., 1997; Gaillard et al., 1982; Imai et al., 1983; Shanks and 
Lomonossoff, 1992; Di et al., 1999). These conserved terminal sequences have been 
suggested to play an important role in transcription, replication and packaging of viral RNA 
(Attoui et al., 1997; Wei et al., 2003). Another important point regarding these UTRs is that 
the genome segments of ssRNA plant viruses with multicomponent genomes (e.g. 
bromoviruses, cucumoviruses and comoviruses; Palukaitis et al., 1992; Shanks and 
Lomonossoff, 1992; Ahlquist, 1999 and Di et al., 1999), like chrysoviruses (Ghabrial et al., 
2002; A. Soldevilla unpublished), are separately encapsidated and share extended (50-270 
nt) regions of highly conserved sequences at their 5‟ and 3‟ UTRs (Jiang and Ghabrial, 
2004). This is also true for AfuCV in which all the four segments are separately encapsidated 
and share highly conserved sequence at both 5‟ and 3‟ UTRs. 
 
Complete sequencing of AfuCV showed that it is another member of family Chrysoviridae 
and it was decided to tabulate all the information of the members of family Chrysoviridae 
reported. So a comprehensive up-to-date table was arranged indicating the name of the 
virus, its most recent classification (confirmed or tentative member), status of 
characterisation (fully or partially characterised), size of all dsRNA segments, encoded 
proteins; their size in kDa and GenBank accession numbers (Table 4.6).   
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Table 4.6 Table showing the list of members and tentative members in the family 
Chrysoviridae (adapted from Ghabrial, 2008a). 
 
Sr. 
No. 
Virus species Abbreviation       
DsRNA segment 
number (length in bp, 
encoded protein; Mr in 
kDa) 
GenBank  
accession no 
1 
Helminthosporium 
victoriae 145S virus   
Hv145SV 
1 (3612; RdRP, 125) 
NC_005978                                                                                
NC_005979                                                                                 
NC_005980                                                                               
NC_005981 
2 (3134; CP, 100) 
3 (2972; P3, 93) 
4 (2763; P4, 81) 
2 
Penicillium 
brevicompactum 
virus 
PbV                       
Four dsRNA segments; 
no molecular data 
  
3 
Penicillium 
chrysogenum virus 
PcV                     
1 (3562; RdRP, 129) NC_007539 
2 (3200; CP, 109) NC_007540 
 3 (2976; P3, 101) NC_007541 
4 (2902; P4, 95)                         NC_007542 
4 
Penicillium cyaneo-
fulvum virus 
Pc-fV                     
Four dsRNA segments; 
no molecular data 
  
5 
Tentative members 
Agaricus bisporus 
virus 1          
AbV-L1 L1 (3396; RdRP, 122) X94361 
6 
Amasya cherry 
disease associated 
chrysovirus 
ACDACV 
1 (3399; RdRP, 124) AJ781166 
2 (3128; CP, 112)   AJ781165 
3 (2833; P3, 98)   AJ781164 
4 (2498; P4, 77)                                              AJ781163
7 
Cherry chlorotic rusty 
spot associated 
chrysovirus 
CCRSACV 
1 (3399; RdRP, 129) AJ781397 
2 (3125; CP, 112) AJ781398 
3 (2833: P3, 98)   AJ781399 
4 (2499; P4, 77)                        AJ781400 
8 
Aspergillus fumigatus 
chrysovirus 
AfuCV                   
1 (3560, RdRP, 128) FN178512 
2 (3159, CP, 107)  FN178513 
3 (3006, P3, 99)  FN178514 
4 (2863, P4, 95)                                                                                   
 
 
FN178515
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9 
Cryphonectria 
nitschkei virus 
isolates 
CnV-1     
0 1 (2889, RdRP, 110) GQ290650 
  2 (2718, CP, 99)  GQ290646 
0 1 (2889, RdRP, 110) GQ290651 
  2 (2718, CP, 99)    GQ290647 
0 1 (2889, RdRP, 110)  GQ290649 
  2 (2721, CP, 99) GQ290645 
0 1 (2889, RdRP, 110)   GQ290652 
  2 (2721, CP, 99) GQ290648 
-OB-5-11                                                                               
1 (RdRP, 288, 11; 463, 
18)a  
DQ865185
  2 (588, CP, 17) a     DQ865186 
  3 (2718, P3, 92)     DQ865187 
  4 (839, P4, 30) a                                                                                                                                                                            DQ865188
    DQ865189 
10 
Fusarium oxysporum 
chrysovirus 1    
FoCV-1 1 (2574, RdRP, 99) a                 EF152346 
11 
Aspergillus niger 
virus 1816 
AnV-1816                       1 (3440, RdRP, 122) a               EU289896 
12 
Verticillium 
chrysogenum virus 
VcV 
1 (3592; RdRP, 128) HM004067 
2 (3313; CP, 113) HM004068 
3 (2979; P3, ?) HM004069 
4 (2931; P4, 90) HM004070 
a Partial sequences 
4.6 Secondary structures of the AfuCV UTRs  
The 5‟ and 3‟ UTR sequence of all four dsRNAs segments were investigated regarding their 
potential secondary structures. These areas are likely involved in transcript recognition, 
initiation of RNA synthesis and virion packaging and possibly contain signals for these 
processes. Secondary structures were modelled using the Mfold program (Zuker, 2003). 
The 5‟ UTRs in all four dsRNA molecules contain stable stem loop structures (Fig. 4.27 and 
4.28), while the 3‟ UTR region of the dsRNA molecules all appear to possess a terminal 
hairpin loop (4.29 and 4.30). At the nucleotide sequence level, the 5‟ UTR regions are 
strongly conserved as compared to the 3‟ UTR regions, although both sets of ends contain 
distinct areas with nucleotide sequence identity. The similarity in all the sequences shown 
after alignment is reflected in the similarity of the predicted secondary structures (Fig. 4.27 - 
4.30).        
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Figure 4.27 Predicted folding of the 5‟-UTR regions of AfuCV dsRNA 1 and dsRNA 2.The ∆G 
values were calculated using the Mfold program. The horizontal arrows point to the start of 
the sequences. 
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Figure 4.28 Predicted folding of the 5‟-UTR regions of AfuCV dsRNA 3 and dsRNA 4. The 
∆G values were calculated using the Mfold program. The horizontal arrows point to the start 
of the sequences. 
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Figure 4.29 Predicted folding of the 3‟-UTR regions of AfuCV dsRNA 1 and dsRNA 2. The 
∆G values were calculated using the Mfold program. The horizontal arrows point to the start 
of the sequences. 
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Figure 4.30 Predicted folding of the 3‟-UTR regions of AfuCV dsRNA 3 and dsRNA 4. The 
∆G values were calculated using the Mfold program. The horizontal arrows point to the start 
of the sequences. 
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CHAPTER FIVE 
 
Phenotypic screening of virus-infected and virus-free Aspergillus 
fumigatus isolates; curing A. fumigatus isolate A-56 from AfuCV infection 
and transfection of virus-free isolates of A. fumigatus.   
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5 Phenotypic screening of virus-infected and virus-free Aspergillus fumigatus 
isolates; curing A. fumigatus isolate A-56 from AfuCV infection and transfection 
of virus-free isolates of A. fumigatus. 
5.1 Phenotypic screening of isolates 
In order to define potential scorable, phenotypic markers useful for distinguishing between 
virus-infected and virus-free Aspergillus fumigatus isolates, two representatives, A-56 (virus-
infected) and CEA10 (virus-free) were screened on minimal media at different pH values 
containing different carbon and nitrogen sources (Table 5.1).  
Table 5.1 Phenotypic screening of Aspergillus fumigatus on minimal media; pH and nutrient 
components. 
Phenotypic marker 
Nutrients incorporated into 
minimal medium 
pH 5.0 
100 mM glycolic acid, 1% glucose, 
5 mM ammonium tartrate. 
pH 8.0 
100 mM glycolic acid, 1% glucose, 
5 mM ammonium tartrate. 
pH 9.0 
100 mM glycolic acid, 1% glucose, 
5 mM ammonium tartrate. 
pH 10.0 
100 mM Tris-HCl, 1% glucose, 5 
mM ammonium tartrate. 
L-proline as carbon 
source 
5 mM L-proline, 5 mM ammonium 
tartrate. 
L-proline as carbon 
and nitrogen source 
5 mM L-proline. 
Plates containing the media constituents at different pH values as listed above in Table 5.1 
were inoculated with both stains of A. fumigatus, incubated and examined over a period of 
10 days. Apart from some minor differences in pigmentation, due to differing genetic 
background of the two isolates, no phenotypic markers were noted for any of the amended 
media, examples of which are shown in Figs. 5.1 and 5.2.  Failure to define any phenotypic 
markers useful in distinguishing between virus-infected and virus-free isolates of the fungus 
prompted efforts to eradicate the chrysovirus dsRNAs from the A-56 isolate so that direct 
comparisons between isogenic lines could be made. 
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Figure 5.1 Comparison of the phenotypes of A. fumigatus strains CEA 10 and A 56 grown on 
minimal media containing L-proline as N source (A) and L-proline as C source (B); see Table 
5.1.   
 
Figure 5.2 Comparison of the phenotypes of A. fumigatus strains CEA 10 and A 56 grown on 
minimal media plus additives at pH 5.0 (A) and pH 8.0 (B); see Table 5.1. 
5.2 Curing A. fumigatus isolate A-56 from AfuCV infection  
Several attempts were made to eliminate the AfuCV dsRNA elements from A. fumigatus 
isolate A-56 by cycloheximide treatment.  Thereafter the effects that the chrysovirus had on 
the phenotype, fitness and pathogenicity of A. fumigatus, as defined by growth, spore 
production and virulence in mice of isogenic virus-free and virus-infected lines were 
investigated. Attempts were also made to transfect virus-free isolates of A. fumigatus with 
purified chrysovirus. 
Initially plates of ACM media were amended with a limited range of concentrations of 
cycloheximide (0.01 mM, 5 mM, 10 mM and 15 mM) and inoculated with A. fumigatus isolate 
A-56 in an effort to eradicate the chrysovirus dsRNAs. Following 7 days incubation at 37°C, 
when the plates were covered with mycelia (Fig. 5.3), spores were harvested from all plates, 
inoculated into 5 ml ACM broth and grown for 3 days prior to purification of dsRNAs (section 
2.7.6.5) and agarose gel electrophoretic analysis. On the plates significant alterations to the 
morphology of the fungal colonies including colony and pigmentation but not growth were 
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noted following incorporation of cycloheximide into the media (e. g. 10 and 15 mM; Fig. 5.3). 
Comparisons between the electrophoretic profiles of dsRNA isolated from uncured A. 
fumigatus isolate A-56 (positive control) and the treated samples appeared to indicate that 
curing was successful following treatment with all four concentrations of cycloheximide (Fig. 
5.4).  However following RT-PCR amplification, using dsRNA extracts from all of the 
amended cultures and the positive control as template, an AfuCV dsRNA 2 CP-specific 
amplicon of 800 bp was generated in all cases indicating that curing had not been successful 
but only reduced the dsRNAs present in the infected isolate below the level of resolution by 
staining with ethidium bromide (Fig. 5.5).  
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Figure 5.3 Colony morphology of Aspergillus fumigatus isolate A-56 grown on ACM 
amended with different concentrations of cycloheximide as shown, 5 and 7 days after 
inoculation.  
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Figure 5.4 Effects of increasing concentrations of cycloheximide on AfuCV dsRNAs in 
Aspergillus fumigatus isolate A-56-dsRNA.  Agarose gel electrophoresis of total nucleic acids 
extracted from Aspergillus fumigatus isolate A-56 amended with increasing concentrations of 
cycloheximide as shown. Hyperladder 1 (M; 10 kbp; Bioline) was used as marker and the 
position of the 4kbp band is shown. 
 
Figure 5.5 Effect of increasing concentrations of cycloheximide on AfuCV dsRNAs in 
Aspergillus fumigatus isolate A-56; RT-PCR.  Agarose gel electrophoresis of RT-PCR 
amplicons generated from total nucleic acids extracted from Aspergillus fumigatus isolate A-
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56 amended with increasing concentrations of cycloheximide as shown. Hyperladder 1 (M; 
10 kbp; Bioline) was used as marker and the position of the 0.8 kbp band is shown. 
 
Following the failure to cure A. fumigatus isolate A-56 from AfuCV infection in the initial 
experiments increased levels of cycloheximide were subsequently investigated in amended 
media.  Inoculations and incubation were as above and the amended media contained 
cycloheximide at concentrations of 15 mM, 30 mM, 45 mM, 60 mM, 75 mM and 90 mM.  
Following incubation at 37°C for 7 days, exposure to all six concentrations of cycloheximide 
resulted in significant alterations in fungal growth as before with two morphological types 
being found (Fig. 5.6).  Mycelia from the margins of cultures amended with 75 mM and 90 
mM were inoculated onto ACM plates and incubated at 37°C for 7 days prior to harvesting 
spores in an attempt to select individual fungal colonies.  Following serial dilution of these 
spores seventeen individual colonies were selected for further processing (Table 5.2) which 
were inoculated onto ACM plates, incubated at 37°C, processed and analysed for the 
presence of the chrysovirus dsRNAs. 
 
 
Figure 5.6 Colony morphology of Aspergillus fumigatus isolate A-56 grown on ACM 
amended with different concentrations of cycloheximide as shown 7 days after inoculation.  
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Table 5.2 Representative single colony, sub-isolates of isolate A. fumigatus A-56 following 
treatment with cycloheximide at 75 or 90 mM concentration which were obtained following 
serial dilutions as shown. 
 
Colony 
designation 
Cycloheximide 
concentration 
Serial 
Dilution 
A1 90 mM 10-2 
A2 90 mM 10-3 
A3 90 mM 10-4 
A4 90 mM 10-4 
A5 90 mM 10-4 
A6 90 mM 10-7 
A7 90 mM 10-4 
A8 90 mM 10-7 
A9 90 mM 10-5 
A10 90 mM 10-5 
A11 75 mM 10-2 
A12 75 mM 10-2 
A13 75 mM 10-3 
A14 75 mM 10-3 
A15 75 mM 10-5 
A16 75 mM 10-7 
A17 75 mM 10-7 
 
Comparisons between the electrophoretic profiles of dsRNAs isolated from the uncured A. 
fumigatus isolate A-56 (positive control), and the mycelia from single colonies selected from 
cultures treated with cycloheximide, at both 75 and 90 mM concentrations,  suggested curing 
was successful in most but not all cases with sub-isolates A1 and A6 still being infected (Fig. 
5.7). Two single colony isolates were selected for further investigation as being 
representatives of being respectively, virus-infected (A6) and virus-free (A17). However 
following RT-PCR, using dsRNA extracts from A6, A17 and the positive control as template, 
a chrysovirus-specific amplicon of 800 bp was generated in all cases suggesting that curing 
of A17 was not successful and had only reduced the dsRNA titre below the limits of 
resolution by staining with ethidium bromide (Fig. 5.8A). 
Cycloheximide treatment of virus-infected fungi might result in the generation of truncated 
and fragmented dsRNA which could in some cases act as suitable templates for RT-PCR 
amplification.  To examine this possibility for the 800 bp fragment amplified above, a new set 
of AfuCV-specific oligonucleotide primers were designed to potentially amplify the entire 
AfuCV dsRNA 2 ORF encoding the complete CP gene. Following RT-PCR with the same 
template dsRNAs as above and using the new primers, the full-length amplicon was only 
generated with dsRNAs isolated from the positive control and isolate A6 with no products 
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from isolate A17 (Fig. 5.8B). This result suggests that isolate A17 is cured from infection with 
AfuCV but does contain truncated/fragmented AfuCV dsRNA. 
 
Figure 5.7 Analysis of the dsRNA profile of single colonies of Aspergillus fumigatus isolate A-
56 resulting from curing the fungus from virus infection by treatment with 75 and 90 mM 
cycloheximide. Individual single colony isolates A1-A17 are shown.  Hyperladder 1 (M; 10 
kbp; Bioline) was used as marker and the position of the 3kbp band is shown. 
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Figure 5.8 Comparison of the amplicons generated by RT-PCR using oligonucleotide primers 
designed to produce a fragment of the AfuCV CP gene (A) or the complete CP gene (B) with 
dsRNAs isolated from Aspergillus fumigatus isolate A-56 infected with AfuCV (PC) and 
cured, single colony isolates A6 and A17. NC contains no RNA Hyperladder 1 (M; 10 kbp; 
Bioline) was used as marker and the position of the 0.8 and 4kbp bands are shown. 
 
A comparison between the growth morphologies of isolates A6, A17 and the A-56 isolate, 
from which they were both derived, was made following point inoculation of each isolate on 
ACM plates. Following incubation at 37°C for 5 days isolates A6 and A-56 demonstrated a 
similar sectored morphology but isolate A17 was not sectored and lightly pigmented with a 
green colour (Fig. 5.9).  
 
Figure 5.9 Colony morphologies of Aspergillus fumigatus isolate A-56 (virus-infected); isolate 
A6 (virus-infected) and A17 (virus-free) grown on ACM 5 days after inoculation.   
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5.3 Sub-culturing isolate A17 
The stability of the altered phenotype of isolate A17 was investigated by serially passaging 
spores (serially diluted up to 10-4 on each occasion) onto ACM plates without cycloheximide 
which were incubated at 37°C for 5 days.  The altered phenotype was only stable over three 
passages and sectoring returned in all of the serial dilutions on the fourth passage (Fig. 
5.10).  The dsRNA isolated from the fourth passage of A17 was used as template for RT-
PCR and generated the complete CP amplicon, confirming infection with AfuCV. These 
results suggest that some cells in isolate A17 was always residually infected with AfuCV 
even though initial RT-PCR amplification suggested otherwise.  Once the cycloheximide 
stress was removed during serial passage the titre of the viral dsRNAs increased to a level 
sufficient to act as a template and generate amplicons.  
 
Figure 5.10 Colony morphologies of Aspergillus fumigatus isolate A-56; isolate A17 and the 
fourth passage of A17, serially diluted 10-1 to 10-4 on ACM plates 5 days after incubation. 
Photographs were taken from the back (A) and from the front (B) of the plates to emphasise 
similarities and differences. 
 
The results of the previous experiments suggested that it might be possible to cure A. 
fumigatus isolate A-56 from AfuCV infection but that the concentration of cycloheximide 
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required to achieve this was in excess of 90 mM. Thus the concentration of cycloheximide 
used in curing was increased to 150 mM and compared with lower levels of the antibiotic viz. 
50 mM, 75 mM, 100 mM, in anticipation of toxic effects and reduced growth of the fungus.  
Plates of ACM were amended with cycloheximide at the concentrations stated, dried for 24 
h, inoculated with equal numbers of A. fumigatus isolate A-56 spores and incubated at 37°C 
for 10 days. Cultures grown in the presence of 150 mM cycloheximide expanded much more 
slowly with an altered pigmentation as compared to those growing in the presence of lower 
concentrations of the antibiotic (Fig. 5.11). These cultures were used as a source for further 
spores which were serially diluted and spread onto 360 mm Petri ACM plates in order to 
select single colonies. Ten single colonies were selected which were inoculated onto ACM 
plates to confirm the characteristic, non-sectored morphology. Of these ten colonies, four 
colonies viz 4 (1), 4 (P), 6 and 5 were selected to investigate potential curing from virus 
infection.   
 
Figure 5.11 Colony morphologies of Aspergillus fumigatus isolate A-56 grown on ACM 
amended with different concentrations of cycloheximide as shown, 10 days after inoculation. 
Note slow growth and altered colony pigmentation in the culture amended with 150 mM 
cycloheximide.  
 
Spores of the four selected sub-isolates were grown in 5 ml liquid cultures of ACM, at 37°C 
for 3 days. Mycelia were harvested and processed using the RNeasy Plant mini kit (section 
2.7.7.4) to isolate total RNA. In order to confirm that the four sub-isolates were bona fide 
cultures of Aspergillus fumigatus. RT-PCR amplification, using oligonucleotide primers 
designed to produce a specific ribosomal RNA amplicon (section 2.17) was performed and 
products of the anticipated sizes were obtained for all four isolates (Fig. 5.12).   
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Figure 5.12 Confirmation of the identity of Aspergillus fumigatus isolates by RT-PCR 
amplification of a specific ribosomal RNA amplicon 424 bp in size. Agarose gel 
electrophoretic separation of amplicons generated from template RNA isolated from four 
sub-isolates of Aspergillus fumigatus isolate A-56 is shown. NC contains no RNA and 
Hyperladder 1 (M; 10 kbp; Bioline) was used as marker and the position of the 0.6 kbp band 
is shown. 
 
Having confirmed the fungal identity of the four, potentially cured sub-isolates derived from 
A. fumigatus isolate A-56 the remainder of the RNA isolated from each was purified (section 
2.7.6.5), precipitated (section 2.7.6.2) and resuspended in water. The potentially cured state 
of the four sub-isolates was investigated by RT-PCR using oligonucleotide primers designed 
to amplify fragments of and the complete AfuCV RdRP and CP genes encoded on 
respectively dsRNA 1 and dsRNA 2 of the virus genome.  Analysis of the amplicons 
generated in these experiments and a comparison with positive controls and negative 
controls indicated that three of the sub-isolates 4 (1), 4 (P) and 6 were completely cured from 
virus-infection but that isolate 5 was still infected with AfuCV (Figs. 5.13; 5.14).  
   169 
 
Figure 5.13 Comparison of the amplicons generated by RT-PCR using oligonucleotide 
primers designed to produce a fragment of the AfuCV CP gene (lanes 2-7) or the complete 
CP gene (lanes 10-15).  Total RNA isolated from Aspergillus fumigatus isolate A-56 infected 
with AfuCV (PC) and potentially cured, single colony isolates 5, 4(1), 4 (P)  and 6 were used 
as templates for RT-PCR amplification. Negative controls (NC) contain no RNA and the 
Hyperladder 1 (M; 10 kbp; Bioline) was used as a marker.  The positions of the 0.6 and 3kbp 
bands are shown. 
 
Figure 5.14 Comparison of the amplicons generated by RT-PCR using oligonucleotide 
primers designed to produce a fragment of the AfuCV RdRP gene (lanes 2-7) or the 
complete CP gene (lanes 10-15).  Total RNA isolated from Aspergillus fumigatus isolate A-
56 infected with AfuCV (PC) and potentially cured, single colony isolates 5, 4(1), 4 (P)  and 6 
were used as templates for RT-PCR amplification. Negative controls (NC) contain no RNA 
and the Hyperladder 1 (M; 10 kbp; Bioline) was used as a marker.  The positions of the 0.6 
and 4 kbp bands are shown. 
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Spores isolated from cultures growing in the presence of 150 mM cycloheximide and the four 
single colony isolates were point inoculated onto ACM plates, incubated for 7 days at 37°C 
and observed for characteristic morphologies. 
 
Plates inoculated with spores from the original A. fumigatus isolate A-56 treated with 150 mM 
cycloheximide showed two different morphologies, suggesting the incidence of two 
populations of the fungus (Fig. 5.15), whereas plates inoculated with the four suspectedly 
cured, single colony isolates all demonstrated a single morphology. The three real cured 
isolates 4 (1), 4 (P) and 6 showed a similar morphology to one of the fungal populations 
found in the original isolate treated with 150 mM cycloheximide (Fig. 5.16)  while the uncured 
(5) isolate was similar to the other population which in turn appeared similar to the original, 
untreated A-56 isolate (Fig. 5.17).   
 
Figure 5.15 ACM plate showing two distinct fungal morphologies (red and blue arrows) 
following point inoculation with spores harvested from A. fumigatus isolates A-56 treated 
with150 mM cycloheximide.    
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Figure 5.16 A comparison of the colony morphologies of A. fumigatus shown in Fig. 5.15 with 
colonies grown from point inoculated spores of the cured, single colonies 4 (1) and 6. Both 4 
(1) and 6 have colony morphologies similar to the morphology of the sub-population found 
with the originally treated culture shown with a red arrow. The photograph shows the 
appearance of the fungal colonies from the front (A) and the back (B) of the plates.  
 
Figure 5.17 Comparisons of the morphologies of A. fumigatus singly colony 4(1)-cured from 
infection with AfuCV, single colony 5-infected with AfuCV and the original AfuCV-infected 
isolate A-56.  
 
Based on the results of RT-PCR amplification and growth morphology analysis of sub-
isolates 4(1), 4(P) and 6, which were originally derived from isolate A. fumigatus A-56 
following treatment with 150 mM  cycloheximide, the three sub-isolates are cured of infection 
with AfuCV. The maintenance of a similar growth morphology of one selected cured isolate 
4(1) and RT-PCR assay following six serial passage confirmed stable maintenance of the 
virus-free status (Fig. 5.18). The isogenic status of AfuCV-infected (A-56) and the virus-free 
line 4 (1) of the original A. fumigatus isolate was confirmed by AFLP analysis which were 
kindly carried out by Dr  Chris Linton, Cellular and Molecular Medicine, University of Bristol.     
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5.4 Discussion 
Several different procedures are available to cure fungi from mycovirus infection and these 
were described in the Introduction section.  The most reliable method to cure mycovirus 
infections involves treating fungi with cycloheximide, which acts on large ribosomal subunit 
proteins and inhibits eukaryotic protein synthesis. Cycloheximide causes a preferential 
decrease in the translation of viral mRNA transcripts and restricts, totally in some cases, 
dsRNA replication (Bottacin et al., 1994; Elias and Cotty, 1996). There are numerous reports 
of successful eradication of mycoviruses following cycloheximide treatment e.g. for virus-
infected Endothia parasitica strain GHU4pc10 (Fullbright, 1984); Mycosphaerella pinodes 
(Yamada et al., 1991); M. anisopliae (Melzer and Bidochka, 1998), and Beauveria bassiana 
strain CG25 (Dalzoto et al., 2006).  However curing fungi of virus infection with 
cycloheximide is not always successful e.g. for virus-infected M. anisopliae (Martins et al., 
1999) and for some, but not all, virus-infected Aspergillus section flavi isolates (Elias and 
Cotty, 1996). An inability to cure virus infection with cycloheximide may be due to using too 
little of the chemical, the presence of high titres of dsRNA or nuclear factors governing 
general stability of dsRNA molecules in the genetic background of the fungus (Fullbright, 
1984). Fink and Styles (1972) postulated that since cycloheximide inhibits protein synthesis, 
cytoplasmic ribosomal protein synthesis must be necessary for the replication of the genetic 
determinant. Occasionally treatment with cycloheximide has to be accompanied by hyphal 
tip isolation to achieve success e.g. with virus-infected Alternaria alternata (Aoki et al., 2009). 
Figure 5.18 Colony characteristics of virus-free A. fumigatus  isolate 4 (1) on ACM plates 
following six serial passages. 
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Alterations in the growth morphology and pigmentation of virus-infected fungi following 
treatment with cycloheximide were first noted by Fullbright (1984) where elimination of 
dsRNAs from E. parasitica strain GHU4pc10 restored the normal phenotype of the fungus. 
Similar results were obtained when cured and partially cured isolates of virus-infected 
Chalara elegans were compared (Punja, 1995) and when the pigmentation of virus-infected 
M. pinodes pycnidia changed from dark brown to light pink following curing, coincident with a 
restoration of the normal phenotype (Yamada et al., 1991). 
Similar results were found in this study where A. fumigatus isolate A-56 AfuCV infected 
colonies were cream in colour and sectored whilst colonies cured from infection with AfuCV 
were light green in colour and not sectored. However even at the elevated levels of 150 mM 
cycloheximide used to successfully cure AfuCV infection some hyphae remained infected.  
This was evidenced by the appearance of colonies, grown from „‟cured‟‟ spores, whose 
morphology is associated with virus-infection, subsequently confirmed by RT-PCR, following 
four passages on cycloheximide-free media. However this phenomena was not 
unanticipated since dsRNA was only lost from a hypovirulent strain of E. parasitica when it 
was maintained on a curing medium for four weeks with mycelia being removed from the 
margin of the expanding colony (Fullbright, 1984). This observation, and the results for 
AfuCV, suggests that once cycloheximide is removed or diluted then the concentration of 
mycovirus dsRNAs increases back to the original levels resulting in characteristic alterations 
to the fungal phenotypic.  
The results presented here are the first to report successful curing of a chrysovirus infection 
in a fungus since previous efforts to cure Fusarium oxysporum and Aspergillus section flavi 
isolate 91-182A from chrysovirus infections (Sherazi et al., 2007; Elias and Cotty, 1996 
respectively) failed. 
5.5 Transfection of virus-free, Aspergillus fumigatus strain (6) with AfuCV 
The successful curing of A. fumigatus A56 from infection with AfuCV generated virus-free, 
isogenic lines of the fungus (confirmed by AFLP analysis), one strain of which (6) was 
selected for further investigation on its growth as compared to the original virus-infected 
strain (section 5.6) and attempts were also made to re-infect strain (6) with purified AfuCV.  
Protoplasts of A. fumigatus strain (6) were inoculated with purified AfuCV (section 2.7.7.2) 
using the PEG transfection procedure (section 2.18.1). Following protoplast transfection (Fig. 
5.19) with and without AfuCV (negative control) the protoplasts were washed, cultured on 
selective media at 37oC, harvested and processed (section 2.18.1).   
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Figure 5.19 Freshly isolated A. fumigatus strain (6) protoplasts. 
 
Mycelia generated from both infected and uninfected protoplasts were grown from spores 
harvested from the respective plates and checked for transfer and replication of virus 
following the isolation of total RNA (section 2.7.7.4) and RT-PCR (section 2.7.8.2). 
Simultaneously, infected and uninfected spores were also inoculated onto ACM plates and 
incubated at 37oC for 5 days and observed for any characteristic morphology associated with 
chrysovirus-infection. Spores derived from protoplasts infected with AfuCV gave rise to a 
sectored, heavily pigmented phenotype as compared to the colonies produced from 
uninfected spores, which were lighter in colour and non-segmented (Fig. 5.20). These 
observations suggest that virus-infection may be the causative agent of these characteristic, 
phenotypic alterations. 
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Figure 5.20 Colony morphology of cured A. fumigatus strain (6) infected with AfuCV. 
Sectoring can be seen from the front (upper panel) and back side of the plate (lower panel; 
infected) as compared to uniform morphology of the control, uninfected isolate. 
 
In confirmation of successful in vitro infection of the virus-free, A. fumigatus strain (6) with 
AfuCV, RT-PCR (section 2.7.6.5) was performed using oligonucleotide primers designed to 
produce an amplicon corresponding to the complete AfuCV dsRNA1 RdRP ORF. Gel 
electrophoresis of the amplicon together with an amplicon produced using the same 
procedure with RNA from A. fumigatus A-56 revealed the presence of an identical band (Fig. 
5.21), confirming the presence of AfuCV dsRNA1 and successful re-introduction of AfuCV  
into A. fumigatus stain (6).  
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Figure 5.21 Transfection of virus-free, A. fumigatus strain (6) with purified AfuCV.  
Electrophoretic gel analysis of amplicons generated by RT-PCR using oligonucleotide 
primers designed to produce an amplicon corresponding to the complete AfuCV dsRNA1 
RdRP gene.  Lane 1 (M) contained Hyperladder 1 marker DNAs (Bioline). The positions of 
the 2.5 and 4kbp bands are shown; lane 2 contained the products of a complete RT-PCR 
reaction with no template RNA: (NC; negative control); Lane 3 used a total RNA template 
isolated from virus-infected, A. fumigatus strain A-56 : (PC; Positive controls (lane 3);   Lanes 
4 and 5 used templates of total RNA isolated from A. fumigatus strain (6) sham-inoculated 
(negative control) or inoculated with AfuCV respectively.  
 
Most mycoviruses are transmitted horizontally between strains of the same species which is 
often hampered by somatic incompatibility of the host fungus. Therefore, the development of 
inoculation methods is important to elucidate cause-effect relationships and utilisation of 
mycoviruses as biocontrol agents (Sasaki et al., 2006). Attempts to launch mycovirus 
infections in fungi have utilised a number of procedures including the production of infectious 
cDNA clones or the use of in vitro synthesized transcripts derived from virus cDNA clones 
both of which have been used successfully (Choi and Nuss, 1992; Chen et al., 1994).  
 
Another approach is to transfect protoplasts with purified virions using PEG which has been 
successfully used for a mycoreovirus (Hillman et al., 2004) and a partitivirus of Rosellinia 
necatrix (Sasaki et al., 2006; Chiba et al., 2009). It is believed that particles of dsRNA viruses 
contain all the enzymatic activities necessary for transcription and the synthesis of viral 
mRNA, leading to the onset of infection (Chiba et al., 2009).   
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The successful transfection of virus-free, A. fumigatus strain (6) with AfuCV illustrated here is 
the first report of transfection of a fungus with a virus from the family Chrysoviridae. 
5.6 Mycelial growth rate and biomass production of isogenic lines of virus-free and 
virus-infected A. fumigatus 
5.6.1 Morphology of the isogenic lines of virus-free and virus-infected A. fumigatus 
colonies on solid media 
Visible differences were observed in the colony morphology of the virus-free strain (6) and 
the starting strain of A. fumigatus A-56 (A56) on both MM and ACM after 5 days incubation 
at 37oC. Uniform light green pigmentation was seen in the case of the virus-free strain on 
MM and ACM without any sectoring (Figs. 5.22 and 5.23).  
 
Figure 5.22 Characteristic colony morphology of the virus-free strain (6) and the starting 
strain of A. fumigatus A-56 (A56) on MM after incubation at 37oC for 5 days.  
 
In the case of the virus-infected strain, dark green uniform colonies developed on both MM 
and ACM with additional white margins and clear sectoring on enriched ACM (Fig. 5.23), 
even more evident when the plates were observed from the back (Figs. 5.22 and 5.23). In 
contrast the virus-free strain was only lightly pigmented with no sectoring (Figs. 5.22 and 
5.23). Colony expansion was faster in both strains on ACM because of the enriched nature 
of the growth media. 
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Figure 5.23 Characteristic colony morphology of the virus-free strain (6) and the starting 
strain of A. fumigatus A-56 (A56) on ACM after incubation at 37oC for 5 days. Plates were 
viewed from the frontside (upper panel) and the backside (lower panel). Sectoring can be 
clearly seen from the back of the plates in the case of the infected isolate.  
5.6.2 Mycelial growth rate 
The mycelia of the virus-free strain (6) grew significantly faster and denser than the virus-
infected, starting strain (A56) on solid MM. This trend was observed from the first reading 
taken after 24 h and continued over the 5 day incubation period (Fig. 5.24). In neither case 
was mycelial growth confluent. Growth rate, as defined by increasing colony diameter, was 
measured over a 5 day incubation period for 3 replicate plates (Table 5.3) the results which 
when presented as histograms (Fig. 5.25) show significantly reduced growth of the virus- 
infected strain. Statistically similar results were obtained when the experiments were carried 
out on ACM (Table 5.4 and Fig. 5.26) except that confluent growth was achieved by both 
strains after 4 days incubation.  
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Figure 5.24 Comparison of mycelial growth rate of the virus-free strain (6) and the virus-
infected, starting strain of A. fumigatus A-56 (A56) on MM plates three days of inoculation. 
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Table 5.3 Colony diameters of the virus-free strain (6) and the virus-infected, starting strain 
of A. fumigatus A-56 (A56) on MM plates measured over a 5 day incubation period. 
Measurements were analysed using the Student‟s t test and P values less than 0.05 indicate 
significant differences in growth between the two strains.  
 
Colony diameter (cm) 
  R Day 1 Day 2 Day 3 Day 4 Day 5 
A56 
1 0.250 0.700 1.200 2.000 2.900 
2 0.250 0.600 1.150 1.900 2.850 
3 0.200 0.650 1.200 1.900 2.900 
6 
1 0.500 1.250 1.900 2.800 3.500 
2 0.500 1.200 1.800 2.750 3.500 
3 0.450 1.150 1.700 2.700 3.400 
Mean ± SD 0.358 ± 0.139 0.925 ± 0.305 1.492 ± 0.344 2.342 ± 0.450 3.175 ± 0.322 
t4 10.607 13.472 10.262 18.520 15.652 
P 0.001 0.001 0.001 0.001 0.001 
 
 
 
 
Figure 5.25 Histogram representation of the data presented in Table 5.3 showing a 
comparison of the growth rates of the virus-free strain (6; grey) and the virus-infected, 
starting strain of A. fumigatus A-56 (A56; black) on MM. Vertical bars represent standard 
deviation of the mean. 
 
 
 
   181 
Table 5.4 Colony diameters of the virus-free strain (6) and the virus-infected, starting strain 
of A. fumigatus A-56 (A56) on ACM plates measured over a 4 day incubation period. 
Measurements were analysed using the Student‟s t test and P values less than 0.05 indicate 
significant differences in growth between the two strains. No results were taken 5 days after 
incubation as confluent growth had been achieved by both strains.   
 
Colony diameter (cm) 
  R Day 1 Day 2 Day 3 Day 4 Day 5 
A56 
1 0.700 1.800 3.100 4.200 4.500 
2 0.750 1.850 3.100 4.300 4.500 
3 0.700 1.800 3.150 4.250 4.500 
6 
1 0.750 1.900 3.250 4.400 4.500 
2 0.800 1.850 3.200 4.300 4.500 
3 0.800 1.900 3.250 4.400 4.500 
Mean ± SD 0.750 ± 0.045 1.850 ± 0.045 3.175 ± 0.069 4.308 ± 0.080 4.5 ± 0 
t4 2.828 2.828 4.950 2.646 0.000 
P 0.047 0.047 0.008 0.057 0.000 
 
 
 
Figure 5.26 Histogram representation of the data presented in Table 5.4 showing a 
comparison of the growth rates of the virus-free strain (6; grey) and the virus-infected, 
starting strain of A. fumigatus A-56 (A56; black) on ACM. Vertical bars represent standard 
deviation of the mean. 
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5.6.3 Biomass production 
Biomass production in both ACM and MM broth was significantly lower for the virus-infected 
starting strain of A. fumigatus A-56 (A56) as compared to the virus-free strain (6) (Tables 5.5 
and 5.6).  
 
Table 5.5 Biomass production over a 5 day incubation period in MM broth as assessed by 
dry weight of mycelia produced by the virus-free strain (6) and the virus-infected, starting 
strain of A. fumigatus A-56 (A56). The weights were analysed using the Student‟s t test and 
P values less than 0.05 indicate significant differences in biomass production between the 
two strains. 
Mycelial weight (g) 
  R Day 1 Day 2 Day 3 Day 4 Day 5 
A56 
1 0.041 0.066 0.101 0.174 0.187 
2 0.038 0.085 0.112 0.160 0.190 
3 0.055 0.075 0.128 0.165 0.198 
6 
1 0.041 0.101 0.143 0.196 0.249 
2 0.067 0.110 0.139 0.203 0.240 
3 0.080 0.122 0.150 0.200 0.247 
Mean ±  SD 0.054 ± 0.017 0.093 ± 0.021 0.129 ± 0.019 0.183 ± 0.019 0.247 ± 0.030 
t4 1.428 4.354 3.580 7.293 12.572 
P 0.226 0.012 0.023 0.002 0.000 
 
 
 
Figure 5.27 Histogram representation of the data presented in Table 5.5 showing a 
comparison of the biomass production in MM broth by the virus-free strain (6; grey) and the 
starting, virus-infected strain of A. fumigatus A-56 (A56; black). Vertical bars represent 
standard deviation of the mean. 
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Table 5.6 Biomass production over a 5 day incubation period in ACM broth as assessed by 
dry weight of mycelia produced by the virus-free strain (6) and the virus-infected, starting 
strain of A. fumigatus A-56 (A56). The weights were analysed using the Student‟s t test and 
P values less than 0.05 indicate significant differences in biomass production between the 
two strains. 
Mycelial weight (g) 
 
R Day 1 Day 2 Day 3 Day 4 Day 5 
1 0.063 0.120 0.190 0.221 0.242 
2 0.056 0.146 0.180 0.231 0.247 
3 0.050 0.156 0.210 0.226 0.250 
6 
1 0.071 0.136 0.210 0.241 0.288 
2 0.085 0.140 0.204 0.261 0.312 
3 0.090 0.165 0.216 0.269 0.314 
Mean  ± SD 0.069 ± 0.016 0.144 ± 0.016 0.202 ± 0.014 0.242 ± 0.020  0.276 ± 0.033 
t4 3.766 0.451 1.759 3.518 6.726 
P 0.020 0.676 0.153 0.025 0.003 
 
 
 
 
Figure 5.28 Histogram representation of the data presented in Table 5.6 showing a 
comparison of the biomass production in ACM broth by the virus-free strain (6; grey) and the 
starting, virus-infected strain of A. fumigatus A-56 (A56; black). Vertical bars represent 
standard deviation of the mean. 
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Discussion 
As discussed in the introduction (section 1.4.1-1.4.3), dsRNA viruses exhibit a range of 
effects on their hosts ranging from cryptic infections to hyper- or hypovirulence. The effects 
of these elements on fungal physiology and pathogenecity are often difficult to demonstrate 
(Punja, 1995). 
 
In this study differences in colony morphology were observed between the virus-infected 
starting strain of A. fumigatus A-56 (A56) as compared to the cured, virus-free strain (6) 
when they were grown on two different nutrient media (ACM and MM). Darkly pigmented 
colonies with sectoring were found for the virus-infected starting strain of A. fumigatus A-56 
(A56) as compared to the cured, virus-free strain (6), which produced uniform, non-
segmented, light green pigmented colonies. Similar results were demonstrated by Punja with 
Chalara elegans (1995), who showed that colonies which contained multiple dsRNAs were 
darker when compared to the uniformly light brown colonies found for cured or partially cured 
isolates. Altered colony morphology has also been described in several fungi associated with 
dsRNA infection e. g.  M. anisopliae (Melzer and Bidochlea, 1998; Gimenez-Pecci et al., 
2002), D. ambigua (Preisig et al., 2000) and N. radicola (Pyung and Hwan, 2001). 
 
A significant reduction in the mycelial growth rate of the virus-infected starting strain of A. 
fumigatus A-56 (A56) as compared to the cured, virus-free strain (6) was observed especially 
on MM.  These results are consistent with the findings of Park et al. (2006) who observed a 
slow growth rate of dsRNA infected C. elegans isolate (BK 18) on V8 media as compared 
with a cured isolate (BK 18C). 
 
Similar observations on growth performance were made when the biomass produced by the 
virus-infected, starting strain of A. fumigatus A-56 (A56) was compared with that produced by 
the cured, virus-free strain (6) where the latter produced significantly larger amounts of 
mycelium.  Punja (1995) noted similar differences in C. elegans biomass production in two 
different media viz. V8 and PDB with fungal strains that contained multiple dsRNA segments 
when compared to partially cured strains. Wu et al. (2007) also found debilitated mycelial 
growth of B. cinerea CanBC-1 (dsRNA infected) as compared to 20 virulent, dsRNA-free 
strains. These effects suggest that the burden of dsRNA replication and virus infection 
interferes with the otherwise normal growth patterns of uninfected fungi.  
 
As far as future work is concerned pathogenicity test using the mice model need to be done 
in order to confirm these preliminary results which indicate that this isolate might be 
associated with the phenomenon of hypovirulence.   
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Construction of cDNA clones of AfuCV dsRNA 4; in vitro transcription of 
dsRNA from cDNA clones; over-expression of the AfuCV coat protein 
gene 
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6 Construction of cDNA clones of AfuCV dsRNA 4; in vitro transcription of dsRNA 
from cDNA clones; over-expression of the AfuCV coat protein gene 
6.1 Construction of cDNA clones of AfuCV dsRNA 4 
It was intended to construct AfuCV cDNA clones to generate dsRNA for introduction into 
virus-infected A. fumigatus isolate A-56 cells, where the introduced dsRNA would be 
replicated by the resident virus.  Such an in vitro replication system could be developed into 
a vector system for the introduction of genes into A. fumigatus. Initially attempts to produce a 
full-length clone of the smallest AfuCV dsRNA segment (AfV dsRNA 4; 2863 bp) were made. 
Oligonucleotide primers were designed to RT-PCR amplify the complete AfuCV dsRNA 4 
sequence and included sequences corresponding to the 5‟- and 3‟- termini of the dsRNA, 
unique restriction sites and the T7 promoter sequence at both ends (RNA-4FS and RNA-
4RS; Table 6.1). All attempts to generate the amplicon with several Taq polymerases with 
proof-reading capabilities and using numerous cycling regimes failed, although use of a low 
fidelity Taq enzyme generated a product of the anticipated size, confirming the integrity of 
the oligonucleotide primers and the reaction buffers. Examination of the sequence of the 
complete amplicon revealed a unique internal Kpn1 restriction site at nt 1143 which could be 
exploited for cloning purposes and a strategy to generate the construct is shown in Fig. 6.1.  
Table 6.1 Sequence of oligonucleotide primers designed to construct a full-length cDNA 
clone of AfuCV dsRNA 4-pAJ01. In RNA-4FS the Pst1 and HindIII restriction endonuclease 
sites are shown in respectively bold and italics. In RNA-4RS the BamH1 and XbaI restriction 
endonuclease sites are respectively shown in bold and italics. The T7 promoter sequence is 
underlined in both RNA-4FS and RNA-4RS.  In RNA-4FS the sequence after the T7 
promoter sequence corresponds to the 5‟-terminal sequence of AfuCV dsRNA 4 whereas in 
RNA-4RS the sequence is the complement of the 3‟-terminal sequence of AfuCV dsRNA 4 
follows the T7 promoter sequence. In 4FIP the sequence corresponds to the AfuCV dsRNA 
4 sequence whereas in 4RIP the sequence is the complement of the sequence in the same 
genomic area. In both 4FIP and 4RIP the sequence of the KpnI site is shown in bold.   
Primer 
name 
Sequence 
RNA-4FS 
5‟-CCCCTGCAGAAGCTTTAATACGACTCACTATAGGGTGATA 
AAAAACAGAATTCCTA-3 
RNA-4RS 
5‟-GGATCCTCTAGATAATACGACTCACTATAGGGACACTTATT 
TTTAAGCC-3 
4FIP 5‟-CTCAATGGTACCACATAGCTACTGCATGTCGAC-3‟ 
4RIP 5‟-CTATGTGGTACCATTGAGTTGACCTCCCTAC-3‟ 
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Figure 6.1 Schematic representation of the construction strategy for pAJ01 and its physical 
map; (A) Cartoon showing approximate position of internal and external oligonucleotide 
primers along with their orientation and amplification of two smaller fragments (A and B). (B) 
Digestion of amplicons with restriction enzymes (see text) and insertion into the multiple 
cloning site (MCS) of the backbone of doubly-digested plasmid vector pUC18. (C) 
Construction of pAJ01 along with the orientation of T7 promoter sequences.  
 
The procedure involved amplification of two fragments, 1143 bp (A) and 1720 bp (B) in size 
using internal oligonucleotide primers based on the KpnI sequence (4FIP and 4RIP; Table 
6.1) in combination with primers RNA-4FS and RNA-4RS. Amplicons A and B were 
respectively restricted with HindIII and KpnI and KpnI and BamHI and ligated in a three way 
ligation into pUC18 vector DNA doubly-restricted with HindIII and BamHI, followed by 
transformation into E.coli.  A representative recombinant plasmid pAJ01 was digested with 
restriction enzymes to confirm successful cloning of the insert in the correct orientation (Fig. 
6.3) and sequenced to confirm that it contained the AfuCV RNA 4 sequence including the 
reconstructed KpnI site and the T7 RNA promoter sequences.   
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Figure 6.2 Agarose gel electrophoresis showing two amplicons A and B generated for the 
construction of a full-length cDNA clone of AfuCV dsRNA 4-pAJ01. Hyperladder 1 (M; 10 
kbp; Bioline) was used as marker.  
 
 
 
Figure 6.3 Agarose gel electrophoresis of undigested supercoiled pUC 18 vector (lane 1); 
undigested recombinant pAJ01 DNA (lane 2); pAJ01 double-digested with Hind111 and 
BamH1 (lane 3) showing AfuCV dsRNA 4 cDNA insert (dsRNA 4) and plasmid vector DNA 
(pUC 18). Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
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6.1.1 Construction of a truncated version of pAJ01  
In obviate the fact that it would be impossible to detect replication of AfuCV dsRNA 4 
transcripts in the background of replication of the endogenous dsRNA 4 a truncated version 
of clone pAJ01, with an intact but internally deleted ORF was constructed to generate 
dsRNA transcripts.  Restriction digestion of pAJ01 with BtgZ1 (GCGATG) restricts the cDNA 
twice at nt 1468 and nt 2310, deleting a fragment of 842 nt (Fig. 6.4). Gel extraction of the 
larger restriction fragment followed by ligation and transformation into E.coli resulted in 
recombinants.  Analysis of one representative recombinant pAJ02 by double digestion with 
restriction enzymes HindIII and BamHI (Fig. 6.5) and sequencing confirmed the construct 
contained an internally truncated version of pAJ01. 
 
Figure 6.4 Agarose gel electrophoresis of products of restriction digestion of pAJ01 with 
enzyme BtgZ1 showing the 842 bp fragment and the larger fragment which was ligated and 
transformed to give the truncated pAJO2 recombinant construct; lane 1. Hyperladder 1 (M; 
10 kbp; Bioline) was used as marker. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 
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Figure 6.5 Agarose gel electrophoresis of pAJ02 DNA following double-digestion with 
Hind111 and BamH1 showing the truncated version of AfuCV dsRNA 4 cDNA and the 
pUC18 vector DNA (lane 1). Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
The integrity of open reading frame was checked and confirmed using the ORF finder 
website (Fig. 6.6).  
http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi  
 
Figure 6.6 Confirmation of the intact open reading frame of truncated dsRNA4 using ORF 
finder (NCBI) 
6.2 In vitro transcription of AfuCV 4 dsRNA from pAJ02 
Truncated pAJ02 was linearised with Hind111 and template DNA generated by PCR was 
used for in vitro transcription of dsRNA (section 2.13). DsRNA of the expected size was 
produced (Fig. 6.7) but a smear were also found which might have been caused by RNase 
contamination. In future more RNase inhibitor should be incorporated into the reaction 
mixtures.  No attempts were made to transfect RNA 4 transcripts during this project due to 
time constrain to finish Ph.D. 
 
1 
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Figure 6.7 Agarose gel electrophoresis showing in vitro transcribed dsRNA (lanes 2 and 3) 
along with a positive control provided with kit for verification of reagents (lane 1). 
Hyperladder 1 (M; 10 kbp; Bioline) was used as marker. 
6.3 Demonstration of the presence of a capsid protein in AfuCV virions  
Attempts were made to confirm that AfuCV is encapsidated in virions and that the suspected 
CP corresponds in size to the ORF predicted to encode it present on AfuCV dsRNA2.  
Purified virus particles (section 2.7.7.2) were denatured and examined by SDS-
polyacrylamide gel electrophoresis in 10% gels and the approximate size of the CP 
determined by comparison to proteins of known molecular mass.  Examination of the gel 
revealed a single major band corresponding to a molecular mass of 107 kDa for AfuCV CP 
(Fig. 6.8; lane 2) as compared to the protein markers (Fig. 6.8; lane 1). The molecular mass 
of AfuCV CP was similar to that calculated for the ORF encoded by AfuCV dsRNA2, 
suspected to be the CP. Tze Minn (MRes. Student) carried out AfuCV purification as part of 
her project.  
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Figure 6.8 SDS PAGE electrophoresis in 10% acrylamide gels of purified AfuCV CP (lane 2; 
107 kDa). Lane I contains protein molecular weight marker (SeeBlue® Plus2 Pre-stained 
standard [450 kDa]; Invitrogen) 
6.4 Encapsidation of AfuCV dsRNA 
6.4.1 Over-expression and purification of recombinant AfuCV coat protein  
Another strategy that could be employed to introduce viral dsRNA into fungal cells might 
involve encapsidating transcripts in the virus coat protein (CP), as has been done with other 
dsRNA elements (Poranen et al., 2005). The AfuCV CP was cloned into two plasmid 
expression vectors viz. pMBP-parallel 1 and pET 41-a in an effort to over-express the 
protein. The CP gene was amplified using oligonucleotide primer pairs (Figs. 6.11A and 
6.12A).  The oligonucleotide primers were designed to contain unique restriction sites Nco1 
in the forward primer and Xba1 in the reverse primer for insertion into the pMBP- parallel 1 
vector and Nco1 in the forward primer and EcoRI in the reverse primer for insertion into the 
pET 41-a vector (Table 6.2).  
Table 6.2 Sequence of oligonucleotide primers designed to amplify the AfuCV CP gene prior 
to insertion into the pMBP and pET expression vectors. The restriction sequence recognition 
sites for NcoI, XbaI, NcoI and EcoRI in respectively AJFMCP, AJRMCP, AJFPCP and 
AJFPCP are shown in bold type 
Primer name Sequence (5’-3’) 
AJFMCP   5‟-CAGGGCGCCATGGATATGGCTATGGCAACATACAAG-3‟ 
AJRMCP 5‟-TGCAGGCTCTAGATTTTACTCCTCTCTGTTGAACAG-3‟                                        
AJFPCP  5‟-AGAGTCCCATGGATATGGCTATGGCAACATACAAG-3‟      
AJFPCP  5‟-TGTACAGAATTCTTACTCCTCTCTGTTGAACAG-3‟ 
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The strategies for constructing the pAJ03 (pMBP-based) and pAJ04 (pET-based) 
recombinant plasmids are shown in Figs. 6.9 and 610 respectively. The amplified products 
were digested with the appropriate restriction enzymes (Figs. 6.9A and 6.10A) and ligated 
into similarly digested MBP and pET vectors. 
 
Figure 6.9 Schematic representation of the construction strategy for pAJ03 and its physical 
map; (A) Cartoon showing insertion of AfuCV CP gene along with restriction enzymes in the 
pMBP parallel1 expression vector; (B) Map of pAJ03. 
 
Figure 6.10 Schematic representation of the construction strategy for pAJ04 and its physical 
map; (A) Cartoon showing insertion of AfuCV CP gene along with restriction enzymes in the 
pET41-a  expression vector; (B) Map of pAJ04. 
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After ascertaining the sizes of the vector DNA and the insert DNAs in the recombinant clones 
(Figs. 6.11B and 6.12B) confirmation that the CP gene was in the correct reading frame for 
expression in both plasmids was made by sequencing across the cloning junctions.  
 
Figure 6.11 Agarose gel electrophoresis showing PCR amplification of the AfuCV CP gene 
and pMBP expression vector recombinant pAJ03 analysis. (A) AfuCV RNA 2 CP amplicon; 
(B) undigested supercoiled recombinant pAJ03 DNA (lane 1); pAJ03 linearised with NcoI 
(lane 2); pAJ03 double-digested with NcoI and XbaI (lane 3) showing AfuCV dsRNA 2 CP 
gene insert and plasmid vector DNA (pMBP). Hyperladder 1 (M; 10 kbp; Bioline) was used 
as marker. 
 
Figure 6.12 Agarose gel  electrophoresis showing PCR amplification of the AfuCV CP gene 
and pET expression vector recombinant pAJ04 analysis. (A) AfuCV RNA 2 CP amplicon; (B) 
undigested supercoiled recombinant pAJ04 DNA (lane 1); pAJ04 linearised with NcoI (lane 
2); pAJ04 double-digested with NcoI and EcoRI (lane 3) showing AfuCV dsRNA 2 CP gene 
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insert and plasmid vector DNA (pET). Hyperladder 1 (M; 10 kbp; Bioline) was used as 
marker. 
6.4.2 Over-expression of recombinant proteins in E. coli  
Both plasmids pAJ03 and pAJ04 were transformed into E.coli BL-21 cells and over-
expression of the recombinant CP was induced with IPTG (section 2.5.1). In the first instance 
over-expression was attempted on a small scale (section 2.19.2.1) followed by large scale 
protein expression (2.19.2.2). The proteins from the large scale cultures of IPTG-induced E. 
coli cells for both recombinant proteins with both vectors were fractioned and purified 
(sections 2.19.2.4 and 2.19.2.5).  
6.4.3 Results and discussion  
6.4.3.1 Over-expression of AfuCV CP by pAJ03 and pAJ04 
Expression was analysed by comparing total extracts and the soluble and insoluble fractions 
of the induced samples. Proteins were separated by denaturing SDS-PAGE and compared 
to protein molecular mass marker and visualised by staining the gels with Coomassie brilliant 
blue. Unfortunately only small quantities of the recombinant proteins 154 kDa in size for 
pAJ03 cultures (Fig. 6.13) and 143 kDa in size for pAJ04 cultures (Fig. 6.14) were induced 
both of which were contaminated with host proteins. Clearly the optimum conditions for 
expression of the AfuCV CP from both constructs are yet to be defined. 
 
Figure 6.13 10% SDS-PAGE analysis of recombinant coat protein expressed in pMBP 
system and purified using affinity dextrin sepharose column. Lanes 1 and 15: molecular 
mass marker; lane 2: total extract; lanes 3 and 4: soluble and insoluble fractions; lane 5: flow 
through; lanes 6 to 10: washings fractions; lanes 11 to 25: elution fractions. The position of 
the recombinant protein is indicated to the right of the gel.  
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Figure 6.14 10% SDS-PAGE analysis of recombinant coat protein expressed in the pET 
system and purified using affinity Nickel column. Lanes 1 and 12: molecular mass marker; 
lane 2: total extract; lanes 3 and 4: soluble and insoluble fractions; lane 5: flow through; 
lanes 6 to 10: washings fractions; lanes 11 to 18: elution fractions. The position of the 
recombinant protein is indicated to the right of the gel.  
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6.5 Conclusions and future work 
One of the aims of this chapter was to construct cDNA clone of the AfuCV dsRNA 4 in order 
to develop an in vitro replicating system. The cDNA clone was generated with the aim to 
introduce it in already infected isolate (A-56).  In order to detect the replication of dsRNA 4 in 
the isolate already infected, a truncated version of clone (pAJ01) was constructed 
successfully with an intact but internally deleted ORF and was nominated pAJ02. From this 
clone (pAJ02) in vitro transcripts of the anticipated size were generated. As far as future 
work is concerned this pAJ02 vector can be attempted to infect the infected isolate. 
The AfuCV CP (dsRNA 2) was cloned into two plasmid expression vectors in an effort to 
over express the protein and purify it so that it can be used for encapsidating dsRNA. Both 
vectors pAJ03 and pAJ04 were constructed but efforts to over express the protein in large 
quantity were unsuccessful and only small quantities were produced together with 
contaminant host proteins. As far as future work is concerned, there is a need to optimise the 
conditions regarding over expression and purification of pure coat protein prior to attempting 
further encapsidation experiments. 
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7 General discussion 
7.1 Conclusions 
This thesis investigated the presence or absence of dsRNA viruses in the opportunistic 
human pathogen Aspergillus fumigatus. Two viruses with different dsRNA profiles were 
identified and one of them was characterised and named Aspergillus fumigatus chrysovirus 
(Jamal et al., 2010). This is the first report of a dsRNA virus in A. fumigatus. 
The molecular features of the four dsRNAs found in A. fumigatus isolate A-56 parallel those 
of the genus Chrysovirus and on the basis of size, sequence and structural features of their 
5‟-UTRs, which are the demarcation criteria in the genus (Ghabrial, 2005a), it was proposed 
that they are the genomic components of a new species in this genus, and the fifth 
chrysovirus for which the complete genomic sequence has been described.  From the 
topology of a phylogenetic tree, obtained with complete and incomplete sequences 
containing the eight motifs conserved in the RdRPs of a series of mycoviruses, the known 
and tentative chrysoviruses form a discrete clade, which is sub-divided into clusters. Within 
these clusters AfuCV is closely related to PcV but is only distantly related to Aspergillus niger 
virus 1816, a partially characterised chrysovirus from another species of Aspergillus 
(Hammond et al., 2008), which in turn is most closely related to AbV-L1, itself considered to 
be in a separate genus within either the Chrysoviridae or the Totiviridae, or be in a different 
virus family (Liu et al., 2007).  The relationship between AfuCV and PcV, based on the ORFs 
contained in the chrysovirus component 1 dsRNAs, is also supported by a phylogenetic 
reconstruction derived from the CP P2 ORFs contained in the chrysovirus component 2 
dsRNAs.   
The 5‟ UTRs of the four dsRNAs of AfuCV and PcV are similar in size but are shorter than 
those of Helminothosporium victoriae 145S virus and are longer than those of the two 
tentative cherry chrysoviruses, ACDACV and CCRSACV.  The 3‟ UTRs of the four dsRNAs 
in AfuCV and PcV are also similar in size.  Despite these variations in length of the UTRs, as 
compared to other chrysoviruses, we consider that the terminal sequence data for the AfuCV 
dsRNAs is correct and represents further diversity of these structures in the family 
Chrysoviridae.  There is high conservation of the 5‟- and 3‟- termini in all four AfuCV dsRNAs 
suggesting that they may be replicated by the same RdRP, as previously observed for other 
chrysoviruses (Ghabrial, 2008a).   
One of the most important findings of this study was the creation of a pair of isogenic lines in 
order to elucidate the effect of dsRNA on the host. It was achieved by treating the fungus 
with cycloheximide. In order to verify the success of curing, a sensitive assay, RT-PCR which 
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would detect even low copy number virions was employed; and to make sure that the cured 
isolate is indeed isogenic, comparative AFLP analysis of the two lines was carried out. 
Comparisons were made between virus-infected and virus-free strains in terms of mycelial- 
growth rate and biomass production on two nutrient media (ACM and MM). In both media, 
significant differences were observed in the growth of two isolates. Virus-infected isolates 
grew less, both in terms of hyphal extension on agar and in biomass increment, than the 
virus-free line demonstrating that this virus might confer a hypovirulent effect on the host 
should reduced growth rate be translated into a reduction in pathogenicity. Differences in 
morphology were also seen between the two isolates. Purified virions were successfully 
transfected back into the cured isogenic line via protoplast transfection which resulted in a 
reversion of the phenotype to that indistinguishable from the original virus-infected isolate.  
A cDNA clone of the smallest AfuCV RNA 4 was made to generate dsRNA for introduction 
into virus-infected A. fumigatus isolate A-56 cells, where the introduced dsRNA would be 
replicated by the resident virus.  The aim was to develop an in vitro replication system into a 
vector system for the introduction of genes into A. fumigatus. A truncated version of RNA 4 
was made by deleting an internal portion of the gene but the integrity of the ORF was 
maintained in order to differentiate the successful transfer of RNA 4 from the resident 
segment. For this purpose a dsRNA transcript of RNA 4 was made by in vitro transcription. 
Attempts were also made to over-express the coat protein of AfuCV and try to encapsidate 
the RNA 4 transcript. For this purpose, two plasmid vectors (pAJ03 and pAJ04) were made 
and initial work was done to optimize the conditions for over expressing the proteins. 
7.2 Future Plans 
A novel dsRNA which was also identified in this project (isolate A54) needs to be 
characterised at the molecular level. As the profile of this dsRNA is different from other 
known viruses, it would be a worth study to characterise it so that the relationship of this 
virus can be studied in relation to origin and function of other known viruses. 
All the isolates screened so far in this study were clinical isolates. There is a need of 
exploring the incidence of dsRNA viruses in other isolates e. g. environmental isolates so 
that to an idea about the prevalence of these mycoviruses can be made. It is possible that by 
restricting the survey we were pre-selecting against (or for) isolates carrying mycovirus 
infection. 
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Initial experiments between isogenic lines have showed that the AfuCV might exhibit 
hypovirulence on the host as the growth of fungus was reduced due to infection but it needs 
to be confirmed in a sensitive in vivo assay using a model host such as mice. The use of 
hypoviruses to control chestnut blight is a well known example in which isolates that was 
infected with virus exhibit slow growth and reduced virulence, in this case in a plant host. If 
the isolate A56 has the same effects it might be used as a control method against 
aspergillosis.  
The use of RNA interference in controlling aspergillosis can be exploited as this 
phenomenon involves the presence of dsRNA homologous to a gene of interest which 
results in specific degradation of mRNA. For this virulence genes that govern disease can be 
identified and the silencing of those genes can be done by introducing AfuCV dsRNA.   
Gene insertion vectors can be made like pAJ02 from AfuCV segments and attempts can be 
made by these vectors to express foreign genes into the fungus which can fight against the 
pathogenicity/ virulence thereby controlling the disease. Such a system has already been 
developed using killer toxins against plant pathogens. The gene encoding a broad spectrum 
yeast killer toxin was inserted in Potato virus X yielded particles displaying an active form of 
the killer peptide against the plant pathogenic fungus of interest (van de Sande et al., 2010).  
Another method that can be used is the replacement of wild type gene with a version that 
has been interrupted or replaced by antibiotic or auxotrophic nutrients (Mouyna et al., 2004). 
The AfuCV can be used as therapeutic agents. A detail study should be conducted in virus-
infected isolates to search for transposons or other elements, which can be used in research 
for vaccine development against aspergillosis. It has already been demonstrated that for the 
development of vaccine against aspergillosis, the transposon Ty1 of yeast Saccharomyces 
cerevisiae has successfully been used for the expression of Aspergillus peptides on its 
surface. This virus like particle has been engineered to contain peptides which represent 
dominant T- and B- cell epitopes of Aspergillus proving potent in stimulating memory immune 
response (Donini et al., 2005). AfuCV might prove to have better/ same response in 
stimulating the immune responses. 
There is an urgent need to expand the host range of dsRNA mycoviruses. As these viruses 
lack extracellular mode of transmission, genetic manipulation/modification of those structures 
involved in dsRNA mycoviruses binding to the target fungus may be done so that a chimeric 
virus might be generated that is able to selectively infect fungi via an extracellular mode of 
transmission. 
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a b s t r a c t 
 
A new double-stranded RNA (dsRNA) virus designated A. fumigatus chrysovirus (AfuCV), belonging to the family 
Chrysoviridae, has been identified in the filamentous fungus Aspergillus fumigatus. The virus was detected in 
five of 390 A. fumigatus isolates screened. Analysis of purified dsRNA revealed four distinct species 3560, 3159, 
3006 and 2863 base pairs in length (dsRNAs 1–4) which were cloned and sequenced. Each dsRNA contains a 
single open reading frame (ORF) with short 5₃ and 3₃ untranslated regions con-taining strictly conserved termini. 
The deduced 1114 amino acid (aa) protein (molecular mass = 128 kDa) encoded by the dsRNA1 ORF showed 
homology to the RNA-dependent RNA polymerase (RdRP) of viruses belonging to the Chrysoviridae. Eight motifs 
characteristic of RdRPs were identified. The dsRNA2 ORF encodes the putative coat protein subunit (953 aa; 
molecular mass = 107 kDa). The dsRNA3 and dsRNA4 ORFs respectively encode putative proteins (891 aa, 
molecular mass = 99 kDa) and (847 aa, molecular mass = 95 kDa), both of which have significant similarity to 
proteins encoded by comparable chrysovirus dsRNAs. The dsRNA profile, amino acid sequence alignments, and 
phylogenetic analyses all indicate that AfuCV is a new species within the family Chrysoviridae. 
 
© 2010 Elsevier B.V. All rights reserved. 
 
 
1.   Introduction 
 
Viruses are ubiquitous in all major groups of filamentous fungi 
(Nuss, 2005) and an increasing number of novel mycoviruses have 
been reported (Ghabrial and Suzuki, 2009). Mycoviruses with RNA 
genomes are now classified into 10 families, of which four 
accommodate double-stranded RNA (dsRNA) viruses and the 
remaining six comprise single-stranded RNA (ssRNA) viruses 
(Ghabrial and Suzuki, 2009). While many ssRNA mycoviruses, like 
hypoviruses and endornaviruses, do not produce particles, dsRNA 
virus genomes, whether undivided (the family Totiviridae) or divided 
(11 or 12 segments for the family Reoviridae, 4 segments for the 
family Chrysoviridae, and 2 segments for the family Partitiviri-dae), 
are encapsidated in icosahedral particles. Most mycoviruses are 
considered to cause cryptic infections, while some cause phe-notypic 
alterations that include hypovirulence and debilitation (Ghabrial and 
Suzuki, 2009).  
In the genus Aspergillus mycoviruses are common in several 
asexual species (Ratti and Buck, 1972; Buck et al., 1973; Wood et 
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al., 1974; Kim and Bozarth, 1985) but are rare in sexual Aspergilli 
(Varga et al., 1994; Elias and Cotty, 1996; Varga et al., 1998). The 
dsRNA segments of Aspergillus mycoviruses vary widely within a 
species, both in number and composition. Studies on Aspergillus 
mycoviruses have intensified and their dynamics in sections Cir-
cumdati and Fumigati (Varga et al., 1998), and Nigri investigated in 
detail (Varga et al., 1994; van  Diepeningen et al., 1998, 2008). For 
example whilst none of the isolates of A. nidulans examined were 
infected with mycoviruses it was possible to transfer viruses to certain 
isolates following fusion with mycovirus-infected A. niger protoplasts 
(van  Diepeningen et al., 2006). Also isolates in section Circumdati, 
specifically in section Clavati, often contained complex mixtures of 
mycoviruses, while surprisingly in section Fumigati dsRNAs were only 
found in isolates of ascomycetes where the conidial state resembles A. 
fumigatus, while none were found in 61 isolates of A. fumigatus itself 
(Varga et al., 1998). Evidence has also been presented that at least 
one of three partially charac-terised A. nidulans dsRNA mycoviruses 
transferred from A. niger (van  Diepeningen et al., 2006) is both a 
target and a suppressor of RNA silencing and generates virus-derived, 
small interfering RNAs (Hammond et al., 2008). Generally, 
documentation of mycoviruses in Aspergillus species is restricted to a 
description of the pres-ence or absence of dsRNA segments, at an 
incidence of 0–13% in all species examined, with no further molecular 
characterisation (van  Diepeningen et al., 2008). However in terms of 
Aspergillus 
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mycovirus classification it is known that 33% of all A. foetidus isolates 
contain a mixture of a totivirus, an uncharacterised uni-partite RNA 
species and four polyadenylated dsRNAs (Ratti and Buck, 1972; 
Coutts, unpublished results), isolates of A. niger con-tain individual or 
mixed infections of four polyadenylated dsRNAs, a totivirus and a 
chrysovirus (Buck et al., 1973; van  Diepeningen et al., 1998; 
Hammond et al., 2008) and some isolates of A. flavus con-tain a 
chrysovirus (Wood et al., 1974; Jamal, unpublished results). However 
thus far, full molecular characterisation of Aspergillus mycoviruses 
has been restricted to a novel partitivirus found in A. ochraceus (Kim 
et al., 2006; Liu et al., 2008). In this investigation we have screened a 
large collection of clinical and environmen-tal isolates of A. fumigatus 
and, in contrast to a previous study (Varga et al., 1998), discovered 
dsRNA segments in 6% of the isolates examined, which were on 
occasion present as mixtures. One of the dsRNA profiles closely 
resembled that found in the quadripartite Chrysovirus genus 
(Ghabrial, 2008) and the com-plete genome of one strain of this A. 
fumigatus virus has been cDNA cloned, sequenced and analysed. A 
list of members and tentative members in the family Chrysoviridae, 
their genome organ-isation and accession numbers for the sequences 
(adapted from Ghabrial, 2008) is shown in (Table S1 in Supplementary 
Mate-rial). 
 
 
2.   Materials and methods 
 
2.1. Collection and culturing of A. fumigatus isolates  
 
A collection of clinical and environmental isolates of A. fumiga-tus 
(Nakazawa), kindly supplied by respectively Dr Michael Petrou at 
Hammersmith Hospital, London, UK and Dr. Christopher Thorn-ton at 
Exeter University, were screened for the presence of dsRNA. 
Identification of the fungi as being bona fide isolates of A. fumigatus 
was made by growth on Sabouraud dextrose agar and Czapek-Dox 
agar followed by microscopy subsequently confirmed by AFLP anal-
ysis for virus infected isolates. Thereafter all isolates were grown on 
Aspergillus complete medium (ACM) agar (Cove, 1966) for 5 days   
after which spores were harvested and used to inoculate 500 ml of 
ACM broth cultures which were then grown in flasks, incu-bated at 37 
◦
 
C with shaking at 100 rpm. After 5 days growth the mycelium was 
harvested by gravity filtration on Miracloth, washed with water, dried 
briefly on filter paper and stored at −80 
◦
 C until further processing. 
The presence of dsRNAs in fungal mycelia was determined following a 
rapid isolation procedure (van  Diepeningen et al., 2004) and nucleic 
acid fractionation and separation by elec-trophoresis in 1% (w/v) 
agarose gels containing TAE buffer (40 mM Tris–acetate, 2 mM EDTA, 
pH 8.1) and 500 ng/ml ethidium bromide. Gels were then 
photographed under UV-light using the program Quantity One
®
 4.5.2. 
(Bio-Rad Laboratories, USA). Isolates of A. fumigatus found to 
contain dsRNA segments were investigated fur-ther. 
 
2.2.   Virus purification 
 
Virus particles were purified using a method adapted from that of 
Crawford et al. (2006). Mycelium (60 g) was homogenised with 
carborundum (6 g; silica carbide-grade 500) using a pestle and mortar 
and sufficient phosphate buffer (0.03 M PBK buffer; 0.03 M sodium 
phosphate, 0.3 M potassium chloride [pH 7.6]) to form a paste. The 
homogenate was then diluted with PBK buffer to 400 ml, stirred at 4 ◦ 
C for 1 h and the extract centrifuged (Beck-man rotor JA-20) at a 
speed of 17,200 rpm at 4 ◦ C for 45 min. Polyethylene glycol 6000 (10 
g) and NaCl (1 g)/100 ml were then added to the supernatant and the 
mixture stirred for 2 h at 4 ◦ C. The solution was centrifuged (Beckman 
JA-20 rotor) at 12,000 rpm 
 
for 20 min, and the resultant pellet resuspended in 100 ml of PBK 
buffer overnight at 4 ◦ C. The resuspended crude virus sus-pension 
was centrifuged at 12,000 rpm for 20 min to remove unresuspended 
material and the supernatant subjected to ultra-centrifugation 
(Beckman Coulter, Optima L-100 XP ultracentrifuge) at 32,000 rpm for 
3.5 h using a Beckman Type 45 Ti rotor. The virus pellet was then 
resuspended in a small quantity of PBK buffer (1 ml) and subjected to 
rate zonal centrifugation in sucrose den-sity gradients (10–50%, w/v). 
The gradients were made in 10 mM Tris–HCl (pH 7.6) and centrifuged 
at 33,700 rpm in a Beckman rotor SW 41 Ti for 3 h. The blue–grey, 
opalescent virus band was removed with a syringe and dialysed 
overnight against 500 ml 10 mM Tris–HCl (pH 7.6). The dialysate was 
recovered and an aliquot analysed by denaturing SDS-PAGE and the 
remainder stored at −80 
◦
 C. 
 
2.3. Double-stranded RNA extraction from virions and 
mycelia and northern hybridisation analysis 
 
DsRNA was extracted from purified virions by SDS/phenol 
extraction and ethanol precipitation with the pellet being washed twice 
with 70% ethanol and resuspended in TAE buffer. Alterna-tively 
dsRNA was isolated directly from mycelium using a lithium chloride 
procedure (Diaz-Ruiz and Kaper, 1978) removing traces of DNA and 
ssRNA with DNase1 and S1 nuclease respectively Coutts et al. (2004), 
followed by electrophoresis through 1% agarose gels containing TAE 
buffer and ethidium bromide as described above. For northern 
hybridisation analysis, viral dsRNAs were separated on a 1% agarose 
gel for 8 h at 70 V. The gel was then soaked for 30 min in 50 mM 
NaOH, followed by soaking two times in 2× TBE for 15 min each time 
and the RNA was transferred by capillary action to a Hybond-N
+
 nylon 
membrane (GE Healthcare) in 20× SSC buffer. The RNA was fixed 
onto the membrane by UV cross linking following exposure to UV 
irradiation for 60 s at 120 mJ/c
2
 . Pre-hybridisation and hybridisation 
were performed under high stringency conditions in a hybridisation 
solution according to Sambrook and Russell (2001). The RNA blots 
were probed with 
32 
P-labelled probes prepared by oligolabeling of cloned 
cDNA to the four dsRNAs. 
 
 
2.4. Double-stranded RNA cloning and sequencing 
and phylogenetic analysis 
 
After separation by electrophoresis dsRNAs 1–4 were used, either 
collectively or individually, for reverse transcription, PCR amplification, 
cloning and sequencing as described previously (Coutts et al., 2004). 
The cDNA clones of dsRNAs 1–4 were obtained by random priming of 
methyl mercuric hydroxide-denatured dsRNA, with further DNA 
manipulations being performed accord-ing to standard protocols 
(Sambrook and Russell, 2001). For the synthesis of additional cDNAs 
covering their complete sequence, purified dsRNAs 1–4 were 
denatured with methyl mercuric hydroxide and subjected to a single-
primer, genome-walking RT-PCR protocol described previously (Coutts 
et al., 2004). An RNA linker-mediated (RLM)-RACE PCR procedure 
was used to deter-mine the 5₃ - and 3₃ -terminal sequences of the 
dsRNAs (Coutts and Livieratos, 2003). All clones were sequenced in 
triplicate as described before (Coutts et al., 2004). 
 
Sequence similarity searches of the GenBank, Swissprot and 
EMBL databases were conducted using the BLAST program (Altschul 
et al., 1997). Sequence alignments and phylogenetic analysis were 
performed using the CLUSTAL X (Thompson et al., 1997) program and 
the Fast Fourier Transform MAFFT program L9INS-1 (Katoh et al., 
2005). A bootstrap test was conducted with 1000 re-samplings for the 
neighbor-joining (NJ) trees. Searches for amino acid signatures and 
protein motifs were conducted  
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Fig. 1. Analysis of A. fumigatus isolate A-56 chrysovirus, its dsRNA segments, its 
capsid protein and its genome organisation. (A) Aspergillus fumigatus chrysovirus 
(AfuCV) virion dsRNAs were separated on a 1% agarose gel, stained with ethidium 
bromide (lane 2) and transferred onto Hybond-N
+
 membrane (Amersham) and indi-
vidual lanes hybridised with 
32
 P-labelled probes prepared by oligolabeling cloned 
cDNA to AfuCV dsRNA1 (lane 3), dsRNA2 (lane 4), dsRNA3 (lane 5) and dsRNA4 
(lane 6). Lane I contains molecular weight markers, the sizes of two of which are 
shown. (B) SDS-PAGE in 10% acrylamide gels of purified AfuCV capsid protein (lane 
2). Lane I contains molecular weight markers, the sizes of two of which are shown.  
(C) Genome organisation of AfuCV. The genome consists of four dsRNA segments; 
each is monocistronic. The RNA-dependent RNA polymerase (RdRP) P1, open read-
ing frame (ORF; nt positions 129–3473 on dsRNA1), the coat protein (CP) P2 ORF (nt 
positions 168–3029 on dsRNA2), the P3 ORF (nt positions 170–2845 on dsRNA3), and 
the P4 ORF (nt positions 155–2698 on dsRNA4) are represented by rectangular boxes. 
using the programs included in the ExPASy proteomics tools ( 
http://www.expasy.org/tools/). 
 
3.   Results 
 
3.1. Occurrence of a putative chrysovirus in Aspergillus fumigatus  
 
A total of 390 clinical and environmental isolates of A. fumiga-tus 
were screened for the presence of dsRNA and 24 (6.1%) of the 
isolates were found to contain dsRNAs. Five of the infected isolates 
contained four dsRNA segments the profile of which was reminis-cent 
of members of the family Chrysoviridae (Ghabrial, 2008) which 
contain four dsRNAs (Fig. 1A; dsRNAs 1–4). We selected one puta-
tive chrysovirus containing isolate, A-56 for further investigation and 
nominated the infecting mycovirus as A. fumigatus chrysovirus 
(AfuCV).  
 
3.2. Number and size of dsRNA segments associated with   
Aspergillus fumigatus chrysovirus (AfuCV) virions 
 
The dsRNA extracted from purified AfuCV virions was resolved into 
four bands by agarose gel electrophoresis (Fig. 1A). Following cDNA 
cloning and nucleotide sequencing analysis the presence of four 
distinct dsRNA segments in association with purified virions was 
confirmed. Northern hybridisation analysis using radioactive 
cDNA probes specific for each of the four dsRNA segments showed 
that each segment has unique sequences (Fig. 1A). Assignment of 
numbers 1–4 to the dsRNAs of the AfuCV was made according to their 
decreasing size, following the same convention used for the type 
species of the Chrysoviridae, Penicillium chrysogenum virus (PcV; 
Jiang and Ghabrial, 2004). 
 
3.3.   Molecular analysis of the four dsRNAs in AfuCV 
 
Sequence analysis of full-length AfuCV dsRNA1 cDNA indicated 
that it is 3560 base pairs (bp) in size and that it contains a single open 
reading frame (dsRNA1 ORF) from nucleotide (nt) positions 129 to 
3473. A protein (P1) with a molecular mass of 128 kDa was calculated 
from the 1114 amino acid (aa) residues encoded by the dsRNA1 ORF 
(Fig. 1C; Table S1; Supplementary Material). Examina-tion of the 
deduced amino acid sequence of dsRNA1 ORF revealed the presence 
of eight conserved motifs (Fig. S2; Supplemen-tary Material) 
characteristic of RNA-dependent RNA polymerases (RdRPs) of dsRNA 
viruses of simple eukaryotes (Bruenn, 1993). BLAST searches of the 
deduced amino acid sequence of dsRNA1 ORF showed that it has 
significantly high sequence similarity to the RdRP encoded by PcV (E-
value 0.0; 70% identity and 83% aa sequence similarity). The eight 
conserved motifs of AfuCV (with the exception of one aa position in 
motif 1) are identical to those of PcV. High similarities (BLAST hits of 
e-16 or lower) were also found to the RdRPs of all the other members 
and tentative members of the family Chrysoviridae including the 
unclassified Agaricus bis-porus virus 1 (AbV-L1; Ghabrial, 2008). As 
noted previously for PcV (Jiang and Ghabrial, 2004) a comparison of 
the conserved motifs of all of the suspected chrysovirus RdRPs 
including AfuCV revealed high similarity hits (e-5 or lower) with the 
RdRPs of several mem-bers of the family Totiviridae and no 
significant hits with viruses in the family Partitiviridae suggesting that 
the RdRPs of chrysoviruses are more closely related to the former 
rather than the latter. This conclusion was supported by the results of 
phylogenetic analysis based on the complete nucleotide sequence 
analysis of the RdRPs of selected members of the three families (Fig. 
2).  
Sequence analysis of full-length AfuCV dsRNA2 cDNA revealed 
that it is 3159 bp in size and contains a single ORF (dsRNA2 ORF) 
from nt positions 168 to 3029 (Fig. 1C). A molecular mass of 107 kDa 
was calculated for the protein (P2; 953 aa residues) encoded by the 
dsRNA2 ORF. This predicted size is similar to that estimated by SDS-
PAGE for the AfuCV coat protein (CP) subunit derived from purified 
virions (Fig. 1B). BLAST searches of the deduced amino acid 
sequence of dsRNA2 ORF showed significant high similarity hits with 
known and tentative members of the family Chrysoviri-dae only, with 
PcV CP being the most closely related (E-value 0.0; 52% identity and 
66% sequence similarity). The numbers of identi-cal residues between 
the predicted CP sequences were much fewer when compared with 
other related chrysoviruses. A phylogenetic tree, indicating the 
relationships among representative, sequenced chrysoviruses based 
on the full-length sequences of the CPs (Fig. 3; Table S1; 
Supplementary Material) confirms the hierarchical clus-tering shown 
with a similar tree constructed with the chrysovirus RdRP sequences 
described earlier (Fig. 2).  
Sequence analysis of full-length AfuCV dsRNA3 cDNA revealed 
that it is 3006 bp in size and contains a single ORF (dsRNA3 ORF) 
from nt positions 170 to 2845 (Fig. 1C). A molecular mass of 99 kDa 
was calculated for the protein (P3; 891 aa residues) encoded by the 
dsRNA3 ORF. Assignment of numbers 1–4 to the AfuCV dsR-NAs was 
made according to their decreasing size, following the same 
convention used for the type chrysovirus species PcV (Jiang and 
Ghabrial, 2004). However, sequence comparisons between all 
members and tentative members of the family Chrysoviridae 
indicated that the dsRNA3 components of PcV, AfuCV and Verti-
cillium chrysogenum virus (VcV) were more closely related to the 
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Fig. 2. (A) Neighbor-Joining (NJ) phylogenetic tree construction based on the com-
plete amino acid sequences of RdRPs of selected dsRNA viruses. The deduced amino 
acid sequences of RdRPs of representative members of the families Chryso-viridae, 
Totiviridae, and Partitiviridae were aligned using the CLUSTAL X program 
(Thompson et al., 1997). The tree was generated using the Fast Fourier Transform 
MAFFT program L9INS-1 (Katoh et al., 2005). Numbers on the nodes indicate per-
centage of bootstrap support from 1000 replicates with branch lengths indicated. 
Mycovirus names, acronyms and accession numbers are as follows: Chrysoviri-dae: 
Aspergillus fumigatus chrysovirus (AfuCV; FN178512), Penicillium chrysogenum 
virus (PcV; NC 007539), Verticillium chrysogenum virus (VcV; HM00467), Cry-
phonectria nitschkei virus, four isolates (CnV-bs131, -bs132, -BS122 and -BS321; 
GQ290650, GQ290651, GQ290649 and GQ290652 respectively), Helminothospo-
rium victoriae 145S virus (Hv145SV: NC 005978), Amasya cherry disease associated 
chrysovirus (ACDACV; AJ781166), Cherry chlorotic rusty spot associated chryso-virus 
(CCRSACV; AJ781397), Fusarium oxysporum chrysovirus 1 (FoCV-1; EF152346) 
and Aspergillus niger virus 1816 (AnV-1816; EU289896). Totiviridae: Coniothyrium 
minitans mycovirus (CmV; NC 007523), Magnaporthe oryzae virus-2 (MoV-2; NC 
010246) and Gremmeniella abietina RNA virus L2 (GaV-L2; NC 005965). Parti-
tiviridae: Cherry chlorotic rusty spot associated partitivirus (CCRSACV; AJ781401), 
Helicobasidium mompa partitivirus VI-2 (HmPV-V1-2; AB110980) and Sclerotinia 
sclerotiorum partitivirus (SsPV; NC 013014). The tree also included the putative 
chrysovirus Agaricus bisporus virus 1 (AbV-L1; X94361) and was rooted with the 
RdRP of Leishmania RNA virus 1-1 (LRV-1-1; M92355), the type species of the genus  
Leishmaniavirus in the family Totiviridae. 
sRNA4 components of all other chrysoviruses sequenced thus far. 
BLAST searches of the deduced amino acid sequence of dsRNA3 
ORF showed significant and highest similarity with PcV dsRNA3 ORF 
(E-value 6e-156; 35% identity and 54% sequence similarity). Previous 
analysis of the PcV-P3 sequence revealed that the it shared a 
„phytoreo S7 domain‟ with a family consisting of sev-eral phytoreovirus 
P7 proteins known to be viral core proteins with nucleic acid binding 
activity (Jiang and Ghabrial, 2004). Now that the sequences of several 
chrysovirus genomes are known, including both AfuCV and a 
Cryphonectria nitschkei chrysovirus (Liu et al., 2007; Kim et al., 
2009, 2010), a consensus sequence of 
LXX(V/I)X(M/L)PX(G/L)XGK(T/SXX(A/C)XXX(N/G)XXDXD for the 
domain can be predicted (Fig. 4). A phytoreo S7 domain is also 
present in the genomic sequence of the unclassified mycovirus 
Fusarium graminearum virus 3 (Yu et al., 2009). As illustrated in a 
recent review (Ghabrial, 2008) phytoreovirus P7 proteins and possibly 
chrysovirus P3 and comparable P4 proteins bind to their 
corresponding P1 (transcriptase/replicase) proteins, which in turn bind 
genomic dsRNAs. It is significant that the N-terminal regions of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Phylogenetic tree indicating the relationships among representative, sequenced 
members of the Chrysoviridae based on full-length coat protein (CP) P2, sequences. 
The tree was generated by the NJ method using the Fast Fourier Trans-form MAFFT 
program L9INS-1 (Katoh et al., 2005) with amino acid sequences of the CPs of 
Aspergillus fumigatus chrysovirus (AfuCV-P2; FN178513), Penicillium chryso-
genum virus (PcV-P2; NC 007540), Verticillium chrysogenum virus (VcV; HM00468), 
Cryphonectria nitschkei virus, four isolates (CnV-bs131-P2, -bs132-P2, -BS122-P2 
and -BS321-P2; GQ290646, GQ290647, GQ290645 and GQ290648 respectively), 
Helminothosporium victoriae 145S virus (Hv145SV-P2; NC 005979), Amasya cherry 
disease associated chrysovirus (ACDACV-P2; AJ781165) and Cherry chlorotic rusty 
spot associated chrysovirus (CCRSACV-P2; AJ781398) respectively; numbers on the 
nodes indicate percentage of bootstrap support from 1000 replicates with branch 
lengths indicated. The tree was rooted with the CP of Atkinsonella hypxylon virus 
(AhV-P2; NC 003471) the type species of the genus Partitivirus. 
 
all chrysovirus P3s and comparable P4s (encompassing the amino 
acids within positions 1–500) share significant sequence similarity with 
the N-terminal regions of the putative RdRPs encoded by their 
corresponding dsRNA1s (Ghabrial, 2008). A multiple alignment of a 
portion of the N-terminal region sequences of representative 
chrysovirus P3s and P4s together with their RdRPs is shown in Fig. 4 
to demonstrate the level of similarity between the putative proteins. 
The regions in the dsRNA1-encoded proteins with high similarity to 
chrysovirus P3s and P4s occur upstream of the eight highly conserved 
motifs characteristic of RdRPs of dsRNA viruses of simple eukaryotes 
(Fig. SI, Supplementary Material). The signifi-cance of this sequence 
similarity to the function of the chrysovirus P3s and P4s is unknown, 
but it is plausible that the N-terminal region of these proteins may play 
a role in viral RNA binding and packaging (Ghabrial, 2008). 
 
Sequence analysis of full-length AfuCV dsRNA4 cDNA revealed 
that AfuCV dsRNA4 is 2863 bp in size and contains a single ORF 
(dsRNA4 ORF) from nt positions 155 to 2698 (Fig. 1C). A molecu-lar 
mass of 95 kDa was calculated for the P4 protein (P4; 847 aa 
residues) encoded by the dsRNA4 ORF. It has been suggested that 
the PcV-P4 protein is virion-associated as a minor protein (Ghabrial, 
2008) but evidence for this with AfuCV-P4 is lacking (data not shown). 
Using the convention described above for the assignment of numbers 
1–4 to the AfuCV dsRNAs, sequence com-parisons between all 
members and tentative members of the family 
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Fig. 4. Multiple alignment of the amino acid sequences of the N-terminal regions of the 
third largest dsRNA segments of the genomes of Aspergillus fumigatus chryso-virus 
(AfuCV-P3; FN178514), Penicillium chrysogenum virus (PcV-P3; NC 007541), 
Verticillium chrysogenum virus (VcV-P3; HM00469), and the fourth largest dsRNA 
segments of the genomes of Cryphonectria nitschkei virus-OB5-11 (incomplete; 
CnV-OB5-11-P4; DQ865189), Helminothosporium victoriae 145S virus (Hv145SV-
P4; NC 005981), Amasya cherry disease associated chrysovirus (ACDACV-P4; 
AJ781163) and Cherry chlorotic rusty spot associated chrysovirus (CCRSACV-P4; 
AJ781400), with the corresponding regions of the RdRP proteins (P1): AfuCV-P1, PcV-
P1, CnV-bs132-P1, Hv145SV-P1, ACDACV-P1, CCRSACV-P1 and VcV-P1 (Table S1; 
Sup-plementary Material). The numbers of amino acid residues from the starting 
codons for each completely sequenced protein is shown in brackets. Asterisks signify 
iden-tical residues; colons signify highly conserved amino acid residues; single dots 
less conserved, but related residues. 
 
Chrysoviridae indicated that the dsRNA4 components of PcV, AfuCV 
and VcV were more closely related to the dsRNA3 components of all 
other known and tentative chrysoviruses sequenced thus far. BLAST 
searches of the deduced amino acid sequence of dsRNA4 ORF 
showed significant and highest similarity with PcV dsRNA4 ORF (E-
value 0.0; 69% identity and 84% sequence similarity). As origi-nally 
illustrated for Amasya cherry disease associated chrysovirus 
(ACDACV) and Cherry chlorotic rusty spot associated chrysovirus 
(CCRSACV) dsRNA3s (Covelli et al., 2004) this type of protein, as 
potentially encoded by the comparable dsRNA components of all 
known and tentative chrysoviruses sequenced thus far contains the 
motif PGDG(K/S)CGXHA (Fig. 5). This motif (I), along with motifs II 
(with a conserved K), III and IV (with a conserved H), form the 
conserved core of the ovarian tumour gene-like superfamily of 
predicted proteases (Makarova et al., 2000). Multiple alignments 
showed that motifs I to IV were also present in the ORFs of other 
viruses including the putative mycovirus, La France disease L3 dsRNA 
(Harmsen et al., 1991), potato virus M, hop latent virus and blueberry 
scorch virus, three carlaviruses; and rupestris stem pitting-associated 
virus 1, a foveavirus (data not shown). Whether the RNAs of any of 
these viruses indeed code for the predicted proteases remains to be 
investigated. 
3.4.   5₃ - and 3₃ -untranslated regions (UTRs)  
The 5₃ - and 3₃ -UTRs of the four AfuCV dsRNAs respectively 
contained strictly conserved UGAUAAAAAA- and -AAAUAAGUGU 
termini (Fig. 6). The 5₃ - and 3₃ -termini of the four AfuCV dsR-NAs 
were virtually identical to those of PcV and Hv145SV viz. GAUAAAAA- 
and -UAAGUGU, apart from a conserved, additional terminal 5₃ -U 
residue in the AfuCV dsRNAs but, they differed con-siderably from 
those of ACDACV and CCRSACV, which themselves were identical to 
one another (Fig. 7). Additionally, the 5₃ - and 3₃ - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Multiple alignment of the amino acid sequences of the C-terminal region of the 
fourth largest dsRNA segments of the genomes of Aspergillus fumigatus chryso-virus 
(AfuCV-P4; FN178515), Penicillium chrysogenum virus (PcV-P4; NC 007542), 
Verticillium chrysogenum virus (VcV-P4; HM00470) and the third largest dsRNA 
segments of the genomes of Cryphonectria nitschkei virus-OB5-11 (CnV-OB5-11-P3; 
DQ865188), Helminothosporium victoriae 145S virus (Hv145SV-P3; NC 005980), 
Amasya cherry disease associated chrysovirus (ACDACV-P3; AJ781164) and Cherry 
chlorotic rusty spot associated chrysovirus (CCRSACV-P3; AJ781399). The region 
shown is putative motif 1 of 4 motifs which form the core of the ovarian tumour gene-
like superfamily of predicted proteases (Makarova et al., 2000; Covelli et al., 2004). 
Asterisks signify identical residues; colons signify highly conserved amino acid 
residues; single dots less conserved but related residues. 
 
UTRs of the four AfuCV dsRNAs showed strong sequence similarities 
in their internal parts. This was specifically the case with the 5₃ - UTRs, 
which contained a highly conserved stretch of nucleotides (Fig. 6) 
similar to the so-called „Box 1‟ of all chrysoviruses (Ghabrial, 2008), 
followed by a less-conserved stretch of nucleotides con-taining a 
number of CAA repeats (Fig. 6). These repeats are also characteristic 
of the 5₃ -UTRs of chrysovirus dsRNAs (Jiang and Ghabrial, 2004; 
Ghabrial, 2008) and have been previously identified in the 5₃ -leader 
sequence of tobacco mosaic virus RNA as a bind-ing site for the heat-
shock protein HSP101, which is required for translational enhancement 
(Gallie and Walbot, 1992; Gallie, 2002). 
 
4.   Discussion 
 
The molecular features of the four dsRNAs found in A. fumi-gatus 
isolate A-56 parallel those of the genus Chrysovirus and on the basis 
of size, sequence and structural features of their 5₃ -UTRs, which are 
the demarcation criteria in the genus (Ghabrial, 2008), we propose that 
they are the genomic components of a new species in this genus, and 
the sixth chrysovirus for which the complete genomic sequence has 
been described. From the topology of a phy-logenetic tree, obtained 
with complete and incomplete sequences containing the eight motifs 
conserved in the RdRPs of a series of mycoviruses, the known and 
tentative chrysoviruses form a sepa-rate clade, which is sub-divided 
into clusters (Fig. 2). Within these clusters AfuCV is closely related to 
PcV but is only distantly related to Aspergillus niger virus 1816, a 
partially characterised chrysovirus from another species of 
Aspergillus (Hammond et al., 2008), which in turn is most closely 
related to AbV-L1, itself considered to be in a separate genus within 
either the Chrysoviridae or the Totiviridae, or be in a different virus 
family (Liu et al., 2007). The relation-ship between AfuCV and PcV, 
based on the ORFs contained in the chrysovirus component 1 
dsRNAs, is also supported by a phyloge-netic reconstruction derived 
from the CP P2 ORFs contained in the chrysovirus component 2 
dsRNAs (Fig. 3). The 5₃ -UTRs of the four dsRNAs of AfuCV and PcV 
are similar in size but are shorter than those of Helminothosporium 
victoriae 145S virus and are longer than those of the two tentative 
cherry chrysoviruses, ACDACV and CCR-SACV. The 3₃ -UTRs of the 
four dsRNAs in AfuCV and PcV are also similar in size. Despite these 
variations in length of the UTRs, as compared to other chrysoviruses, 
we consider that the terminal sequence data for the AfuCV dsRNAs is 
correct and represents fur- 
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Fig. 6. Comparison of the 5₃ - and 3₃ -UTRs of the four dsRNA segments of AfuCV. Multiple sequence alignments were obtained using CLUSTAL X (Thompson et al., 1997) and some 
manual adjustments with the nucleotide sequences of the 5₃ -UTRs (A) and the 3₃ -UTRs (B). The CAA repeats are underlined in (A). Asterisks signify identical nucleotides at the 
indicated positions and colons specify that three out of four nucleotides are identical at the indicated positions. 
 
ther diversity of these structures in the family Chrysoviridae. There is 
high conservation of the 5₃ - and 3₃ -termini in all four AfuCV dsR-NAs 
(Fig. 6) suggesting that they may be replicated by the same RdRP, as 
previously advanced for other chrysoviruses (Ghabrial, 2008). Whether 
infection of A. fumigatus isolate A-56 with AfuCV 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Comparison of the nucleotide sequences of the 5₃ - and 3₃ -termini of chryso-virus 
dsRNAs. Identical nucleotides in the same position are shown with asterisks. 
modulates fungal growth or pathogenicity in susceptible hosts 
(including mammals), as has been suggested previously for some 
other chrysoviruses (Ghabrial, 2008), remains to be investigated. 
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Abstract In this investigation, we show that four Phytophthora 
taxon douglasfir isolates from the USA, irrespective of their 
geographical location or host plant, and 20% of a 
representative cohort of Phytophthora ramorum isolates 
contain endornavirus dsRNAs. Three endornavirus-specific 
RT–PCR amplicons were generated by RT–PCR using 
dsRNA isolated from the four Phytophthora taxon douglasfir 
isolates and one representative Phytophthora ramorum isolate 
as template with oligonucleotide primers designed from the 
sequence of Phytophthora endornavirus 1. The amplified 
segments showed a very high degree of sequence similarity 
suggesting that the virus has gone through a population 
bottleneck during its emergence. 
 
Keywords    Endornavirus ₃  dsRNA ₃  Phytophthora spp. 
 
 
The genus Endornavirus contains large, double-stranded 
(ds) RNA viruses which are known to infect plants, fungi, 
and oomycetes [ 1] and apart from Helicobasidium mompa 
endornavirus 1-670 [ 2] are not associated with disease 
symptoms. Endornaviruses resemble members of the 
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family Hypoviridae because no true virions have been 
identified and both consist of a linear dsRNA genome with a 
single open reading frame (ORF) with recognisable helicase 
and polymerase domains [ 1,  3]. The complete sequence of 
the 13.9 kb genome of an endornavirus from an oomycete, 
Phytophthora isolate P441 from Douglas fir was described by 
Hacker et al. [ 4] and named Phytophthora endornavirus 1 
(PEV1). The single ORF encoded by PEV1 contained 
conserved motifs for an RNA helicase, a putative UDP 
glycosyltransferase (UGT) and an RNA-dependent RNA 
polymerase (RdRP) [ 4; Fig.  1a]. These proteins are 
presumed to be processed by virus-encoded proteinases 
although evidence of proteinase activity is lacking.  
No systematic surveys of different isolates of Phytoph-
thora endornaviruses have been carried out although it is 
known that some isolates of P. infestans, the causative 
agent of potato late blight, do contain large dsRNAs [ 5] 
but major Phytophthora pathogens of forest trees such as P. 
ramorum, the causative agent of sudden oak death, have 
not been investigated. In this study, we have analysed the 
genetic structure of P. taxon douglasfir endornavirus pop-
ulations in the USA and for the first time P. ramorum 
endornavirus populations in the UK, USA and Europe by 
analysing the nucleotide sequences of three regions of the 
endornavirus genome.  
Collections of the informally designated P. taxon dou-
glasfir, a yet unnamed Phytophthora species, were isolated 
from Douglas fir (Pseudotsuga menziesii subsp. menziesii) in 
Oregon, USA and from carrot (Daucus carota) and white 
cockle (Silene latifolia) in New York, USA by E. M. Hansen 
and P. B. Hamm, Oregon State University, Oregon, USA 
(Table  1). The isolates were named P440, P441, P458 and 
P475, respectively. Isolate P441 is known to contain a dsRNA 
which was classified as the first non-plant member of the 
genus Endornavirus and named PEV1 [ 4]. P. taxon 
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Fig. 1 Phylogenetic trees for the P. taxon douglasfir and P. ramorum 
isolates shown to contain endornavirus dsRNAs, based on three 
regions of the Phytophthora endornavirus 1 genome. a, b and c 
Unrooted trees generated by the neighbour-joining method using the 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
MAFFT program with amino acid sequences of endornavirus 
polypeptides p31, p21 and p34, respectively; numbers indicate 
percentage of bootstrap support from 1,000 replicates with branch 
lengths indicated 
 
douglasfir isolates were cultured on pea broth [ 6] at 20LC 
for 10–14 days. Thirty-five isolates of P. ramorum were 
taken from a number of diseased hosts in the UK, the USA 
and various locations in Europe (Table  1). All isolates of 
P. ramorum were confirmed as being bona fide specimens 
following isolation on selective media using EPPO rec-
ommended protocols and PCR using P. ramorum specific 
primers for nuclear and mitochondrial genes [ 7], the 
 
products of which were cloned and sequenced (results not 
shown). All P. ramorum isolates were cultured in carrot 
broth for 14–35 days as described previously [ 8].  
Infection frequencies with endornavirus dsRNAs were 
determined by isolating total nucleic acid extracts from 
Phytophthora species mycelia and fractionating dsRNA by 
a lithium chloride procedure, removing traces of DNA and 
single stranded RNA with DNase1 and S1 nuclease, 
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Table 1 Location of Phytophthora species isolates, isolate code and mating type, host plant, infection frequency of isolates with endornavirus 
dsRNA obtained from Phytophthora species isolates 
 
Location: Country of origin,town, state (Oregon [OR]; Isolate code and mating Host plant Endornavirus 
California [CA];New York [NY]; county(where known) type (where known)  DsRNA presence 
    
USA, OR P440* Pseudotsuga menziesii ? 
USA, OR P441 (PEV1)* Pseudotsuga menziesii ? 
USA, NY P458* Daucus carota ? 
USA, NY P475* Silene latifolia ? 
UK, Wormley, Surrey 1091/05 Rhododendron sp. ? 
UK, West Horsley, Surrey 3543/04 Viburnum tinus ? 
UK, Chiddingfold, Surrey 7981/04 Viburnum bodnantense ? 
UK, Northwood, Middlesex 10743/04 Viburnum bodnantense ? 
UK, Charfield, Gloucestershire 16466/03 Viburnum sp. ? 
Netherlands 18009/03 Viburnum sp. ? 
Netherlands 18010/03 Rhododendron sp. ? 
USA, Pacific west coast (Nursery isolates) RHCC-1-A2 All unknown - 
 RHCC-4-A2  - 
 RHCC-33-A2  - 
 WSDA 3403-A2  - 
 WSDA 3765-A2  - 
USA, Marin Water district, CA P1347 Lithocarpus densiflorus - 
USA, Marin Water district, CA P1348-A2 Quercus agrifolia - 
USA, Marin China Camp, CA P1370 Arbutus sp. - 
USA, Sonoma Fairfield Osborn, CA P1371 Umbellularia californica - 
USA, OR P1404-A2 Lithocarpus densiflorus - 
Poland P1410-A1 Rhododendron sp. - 
USA, Marin County, CA P1419 Quercus agrifolia - 
USA, Marin County, CA P1420sz.2 Quercus agrifolia - 
Unknown P1426 Quercus agrifolia - 
UK, unknown P1446-A1 Viburnum bodnantense - 
UK, unknown P1452-A1 Rhododendron sp. - 
UK, unknown P1453-A1 Viburnum bodnantense - 
UK, unknown P1457-A1 Rhododendron sp. - 
UK, unknown P1463-A1 Rhododendron sp. - 
UK, unknown P1467-A1 Rhododendron grandiflora - 
Mallorca P1492-A1 Rhododendron sp. - 
France P1493-A1 Rhododendron sp. - 
Belgium P1500-A2 Unknown - 
USA, CA P1507-A2 Laurus nobilis - 
USA, CA P1510-A2 Laurus nobilis - 
USA, CA P1511-A2 Laurus nobilis - 
Germany P1577-A1 Rhododendron catabiense - 
UK, Cornwall P1616-A1 Nothofagus cunninghamii - 
 
All Phytophthora species isolates were identified as Phytophthora ramorum apart from P440, P441, P458 and P475 which were isolates of 
Phytophthora taxon douglasfir  
? Positive; - negative 
 
 
respectively, followed by electrophoresis through 1% 
agarose gels in TAE (40 mM Tris–acetate, 1 mM EDTA, 
pH 8.0) buffer and visualisation by staining with ethidium 
bromide (0.5 lg/ml) as described by Coutts et al. [ 9]. 
 
 
Occasionally, total RNA extracts were extracted from 
mycelia for RT–PCR using the RNeasy₃ plant mini kit 
(QIAGEN Inc., Valencia, CA) according to the manufac-
turer’s instructions for fungal mycelia. Approximately, 
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100 mg of mycelia, which had been frozen in liquid 
nitrogen and reduced to a powdered state, was processed in 
each extraction.  
Oligonucleotide primers were designed to amplify spe-cific 
regions of the PEV1 polyprotein gene sequence which included 
an internal region of the putative UGT gene encoding a 
polypeptide fragment of ca. 21 kDa termed p21, and the regions 
immediately 3
0
 - and 5
0
 - of this gene towards, respectively, the 
helicase-like and the RdRP regions of the genome [ 4] encoding 
fragments of the virus polyprotein ca. 31 and 34 kDa in size, 
termed p31 and p34. The internal region of the UGT gene primers 
were 5
0
 -GTAGTTAA ATTTATCAACAAAATCAAGCATG-
3
0
 and 5
0
 -AAGAT TCAATCTCTACAACCACCCCCTC-3
0
 
positioned at 8,546 and 9,311 bp in the genome, respectively. 
Primers for the region 5
0
 - of the UGT gene, towards the 
helicase-like region, were 5
0
 -GTCAGAGCCACTTTCTCGCG-
3 
0
 and 5
0
 -CTCCTGCGTAGGTGGAGTAGG-3
0
 , positioned at 
7,181 and 8,121 bp, respectively, encoding p31. Primers for the 
region 3
0
 - of the UGT gene, towards the RdRP region, were 5
0
 -
GTCCCTGATCTAGAGTCAAGAG-3
0
 and 5
0
 -GC 
TGGAATGTGGTCACCAC-3
0
 , positioned at 9,890 and 11,000 
bp, respectively, encoding p34. 
 
Denaturation of 8–10 lg of dsRNA or total RNA as 
template, reverse transcription, PCR amplification, cloning 
and sequencing of amplicons were performed as described 
previously [ 9,  10]. The sequences of cloned amplicons 
generated in three separate experiments for each positive 
sample were compared for accuracy. Edited sequences 
were used to construct unrooted phylogeneitc trees using 
the neighbour-joining method with a bootstrap of 1,000 
which were aligned using the Fast Fourier Transform 
MAFFT programme [ 11] and the trees visualised on the 
web ( http://align.bmr.kyushu-u.ac.jp/mafft/online/server/).  
Total dsRNA extracts from the four P. taxon douglasfir 
isolates and 35 P. ramorum isolates were assessed for the 
presence of a 13.9 kb genomic dsRNA. We found that all four 
P. taxon douglasfir isolates of USA origin harboured an 
endornavirus and seven of the 35 P. ramorum isolates sur-
veyed harboured an endornavirus of a similar size to PEV1 
(Table  1). Additionally, three of the P. taxon douglasfir 
isolates contained smaller dsRNA elements which were not 
investigated further. None of the 15 P. ramorum isolates from 
the USA harboured an endornavirus and of the seven isolates 
that did contain an endornavirus five were isolated in the UK 
and two isolated in the Netherlands (Table  1).  
Primers designed from the sequence of PEV1 to amplify 
three different genomic regions produced single amplicons 
of the predicted sizes for all four P. taxon douglasfir 
endornaviruses and all of the P. ramorum endornaviruses 
tested. The combined size of the three amplicons repre-
sented [16% of the anticipated genome size of the en-
dornaviruses sampled. The data were analysed to discover 
 
the most parsimonious trees for the three genomic regions 
and all three trees (Fig.  1a–c) show a separation of the 
New York and Oregon P. taxon douglasfir isolates into two 
clades, the former of which contained the one representa-
tive isolate examined in detail by RT–PCR from P. 
ramorum discovered in West Horsley, Surrey, UK 3543 on 
Viburnum sp. (Table  1). This data illustrated that the intra-
species genetic diversity of the endornaviruses sam-pled 
was low over the genomic regions examined as has been 
found with many other members of the alpha-like super 
group of single-stranded RNA viruses [ 2] from which the 
common ancestor of the endornaviruses is believed to have 
arisen [ 4]. In order to calculate the selection pressure 
exerted on the entire population of Phytophthora endor-
naviruses, the pairwise ratio of non-synonymous to syn-
onymous mutations (dN/dS) in the genomic sequences 
were calculated and pooled. Notwithstanding some poly-
morphisms between the sequences analysed most of the 
substitutions were silent, encoding the same amino acid 
(results not shown), demonstrating strong purifying 
selection. 
 
Previously, it was hypothesised that Phytophthora 
endornaviruses were distributed throughout Phytophthora 
species [ 4] and here we show all P. taxon douglasfir iso-
lates sampled from the USA, irrespective of their geo-
graphical location or host plant contain such elements and 
that 20% of a representative cohort of P. ramorum isolates 
from Europe and the USA also harbour endornaviruses. 
The endornaviruses we identified demonstrated a very high 
degree of sequence similarity which suggests that the virus 
has gone through a population bottleneck during its 
emergence. Therefore, the Phytophthora endornavirus 
genome has remained highly conserved, as demonstrated 
by the purifying selection pressure exerted on the genome. 
It has been suggested that most if not all P. ramorum 
isolates in Europe were imported in nursery stock during 
the 1990s [ 12] and that the isolates are near clonal so the 
reason for their absence from some, but not all European 
isolates is unclear but might indicate that endornavirus 
dsRNAs can be eliminated in some situations. 
 
One of the most important findings from this investi-
gation is the demonstration for the first time of the 
presence of endornaviruses in P. ramorum. Whether the 
presence of endornaviruses in Phytophthora species has 
effects on fungal growth or pathogenicity is unknown but 
since Helicobasidium mompa endornavirus 1-670 is a 
hypovi-rulence factor, reducing virulence of the host 
fungus [ 2] this may well be worth exploring in the future. 
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Abstract The incomplete sequences of two large, 10–12 
kbp, double-stranded RNAs (dsRNAs) found in the TW-2 
isolate of the saprophytic fungus, Phlebiopsis gigantea (Pg) 
are reported. Both PgV-TW2 dsRNA1 and dsRNA2 
potentially encode fusion proteins which are apparently 
expressed by a translational frameshifting mechanism. The 
C-terminal region of both predicted pro-teins was 21% 
identical and contained the eight motifs conserved in 
RNA-dependent RNA polymerases of dsRNA 
mycoviruses and had highest similarity with members of 
the family Totiviridae, but possibly do not form virions. 
The remainder of the N-terminal protein sequences pre-
dicted from the PgV-TW2 dsRNA1 and dsRNA2 sequen-
ces and the 3
0
 -terminal nucleotide sequences of both 
dsRNAs had no homology with one another or any 
sequence in the database suggesting that individually both 
may be members of novel families of mycoviruses. 
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Double-stranded RNA (dsRNA) elements have been 
described in many basidiomycete fungi and when associ-ated 
with virus particles are termed mycoviruses [ 1]. These 
elements can be transmitted between strains of the same 
fungal species through hyphal anastomosis (horizontal 
transmission) or via fungal propagules e.g. conidial vertical 
transmission [ 2]. Many of the dsRNA elements have been 
characterised at the molecular level and are classified into 
four virus families, including Chrysoviridae, Hypoviridae, 
Partitiviridae, and Totiviridae [ 3– 6]. Additionally, the novel 
genus Mycoreovirus has been included with the family 
Reoviridae [ 7] and fungal dsRNAs in the Endor-navirus 
genus [ 8] have also been described [ 9]. Mycovirus infection 
is generally asymptomatic, but some viruses cause obvious 
metabolic and morphological changes in the host fungus [ 1] 
and some viruses are known to reduce the virulence of 
phytopathogenic fungi [ 10].  
Phlebiopsis gigantea (synanamorph Phanerochaete 
gigantea) is a common saprophytic basidiomycete fungus 
that causes white rot of conifer logs and stumps. It is used 
to initiate the process of paper pulping and as a biological 
control agent of annosum root rot, caused by Heterobasi-
dion annosum, in Western Europe [ 11]. The TW-2 isolate 
of P. gigantea was initially used as a pesticide in the UK, 
but within 10 years of use by 2000 it was gradually losing 
its efficacy at colonising stumps and excluding H. anno-
sum. An irregular colony margin, slowed growth and pro-
duction of fewer oidial spores by TW-2 on solid medium 
are features often associated with hypovirulence of  
∗  gigantea.   
The aim of the study is to report the occurrence of two   
related but dissimilar, dsRNA elements in P. gigantea isolate 
TW-2, to cDNA clone and sequence them. We also discuss 
phylogenetic relationships of these dsRNAs based on 
conserved motifs of their putative RNA-dependent RNA
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polymerase (RdRP) amino acid sequences and describe 
how both dsRNAs differ significantly from known myco-
virus families and genera in size, sequence and genetic 
organization.  
P. gigantea isolate TW-2 was isolated from Scots pine 
(Pinus sylvestris) in Rendlesham, Thetford Forest, East 
Anglia, UK by B. J. W. Grieg and was cultured at 22LC on 
malt extract agar [ 12]. Nucleic acids were extracted from 
the mycelium of P. gigantea (Pg) isolate TW-2 and 
dsRNA, isolated by lithium chloride fractionation, was 
purified by removal of traces of DNA and single-stranded 
RNA by digestion with DNase 1 and S1 nuclease, 
respectively [ 13]. Electrophoresis of these extracts 
through 2% agarose gels for 5 h at 65 V separated two 
large dsRNA species 10–12 kbp in size, nominated PgV-
TW2 dsRNA 1 and PgV-TW2 dsRNA 2 (Fig.  1a, lane C) 
which were individually purified with an RNaid kit (Bio 
101) and used for reverse transcription, PCR amplification, 
cloning and sequencing as described before [ 13].  
The incomplete sequences of PgV-TW2 dsRNA 1 and 
dsRNA 2 were respectively 10,530 and 8727 bp in length 
and each contained two extended open reading frames 
(ORFs) in different frames on the genomic plus strand: 
PgV-TW2 dsRNA 1 ORF1 in frame 1 (nt 1–5735) encodes 
a 206 kDa, (1910) amino acid (aa) protein and ORF2 in 
frame 3 (nt 6191–10,435) encodes a 158 kDa, (1414 aa) 
protein; PgV-TW2 dsRNA2 ORF1 in frame 1 (nt 1–5093) 
encodes a 186 kDa, (1696 aa) protein and ORF2 in frame 3 
(nt 5219–8680) encodes a 158 kDa, (1153 aa) protein (Fig.  
1b). Since the 5
0
 -terminal sequences of both PgV-TW2 
dsRNA 1 and dsRNA 2 are yet to be determined the start 
codons of both N-terminal ORFs are not known.  
At first glance it would appear that both ORFs on both 
PgV-TW2 dsRNA 1 and dsRNA 2 in frames 1 and 3 are 
non-overlapping but careful examination of the sequences 
suggests otherwise. For PgV-TW2 dsRNA 1, though true 
that the first standard start codon (AUG, 6191–6193) in 
ORF2 begins 456 nt downstream of the ORF1 stop codon 
(UAA, nt 5733–5735) there are no in-frame stop codons 
upstream of this ORF2 start codon until the UGA at nt 
5705–5707. A similar situation is found for PgV-TW2 
dsRNA 2, where the first standard start codon (AUG, 
5219–5221) in ORF2 begins 126 nt downstream of the 
ORF1 stop codon (UAG, nt 5091-5093) and there are no 
in-frame stop codons upstream of this ORF2 start codon 
until the UGA at nt 5063–5065. Thus in PgV-TW2 dsRNA 
1 and dsRNA 2, both ORF2 regions, when defined as 
regions devoid of stop codons, begin 28 nt upstream of the 
ends of either ORF1, meaning that ORF1 and ORF2 are 
overlapping in both cases. This creates the possibility that 
ORF2 could be translated as a fusion with ORF1 and 
encode fusion proteins in both PgV-TW2 dsRNA1 and 
dsRNA 2 if ribosomal-1 frameshifting was to occur within 
 
Fig. 1 Gel electrophoresis of PgV-TW2 dsRNA 1 and dsRNA 2, c their 
genomic organisation and conserved regions in the putative RdRP genes 
and a phylogenetic tree based on the RdRP regions. a Purified dsRNA 
isolated from Phlebiopsis gigantea isolate PG BU3 (lane B) and P. 
gigantea isolate TW-2 (lane C) electrophoresed through a 2% agarose 
gel and stained with ethidium bromide showing two large dsRNA 
species 1 and 2, 10-12 kbp in size in lane (C) as compared to a size 
marker of a Hind111 restriction digest of lambda DNA (A). b Diagram 
of PgV-TW2 dsRNA 1 and dsRNA 2 coding strategies, both of which 
are shown on the same scale. The first AUG codons in ORF2 for both 
dsRNAs are shown to the right. See text for further explanations and 
nucleotide positions. c Alignment of the putative RdRP genes of both 
PgV-TW2 dsRNA 1 ORF2 (aa 669– 1054) and PgV-TW2 dsRNA 2 
ORF2 (aa 223–610) with the consensus sequence of totivirus RdRP 
(TotiRdRP; pfam05888, aa 132–471). The numbers at the top indicate 
the RdRP conserved motif number [ 3]; the numbers of amino acid 
residues separating individual motifs are shown for each sequence; in the 
consensus sequence; upper case letters indicates amino acid residues 
found in all three sequences and lower case letters those found in two 
sequences. d An unrooted tree generated by the neighbour-joining 
method using the MAFFT program with amino acid sequences of 
mycovirus RdRP genes; numbers indicate percentage of bootstrap 
support from 1000 repli-cates with branch lengths indicated. 
Mycoviruses from the known families Totiviridae and Chrysoviridae are 
circled while the remain-der of the mycoviruses are unclassified but 
have some similarities to either family. The list below shows the 
mycoviruses examined, their abbreviations and database accession 
numbers. Totiviruses: CmV;  
Coniothyrium minitans mycovirus; AA014999; SsRV2; Sphaeropsis 
sapinea RNA virus 2; AAD11603; ScV-L-A; Saccharomyces cere-
visiae virus L-A; AAA50321; DhV-CBV767; Debaryomyces 
hansenii virus CBS767; XP457518; UmV-H1; Ustilago maydis virus 
H1; AAA81884; Unclassified viruses: PgLV-1; Phleobiopsis 
gigantea mycovirus dsRNA 1; CAJ34333; LeV-HKB;Lentinula 
edodes mycovirus HKB; AB429554; AbV-1; Agaricus bisporus virus 
1; CAA64144; AV-1816; Aspergillus mycovirus 1816; ABX79996; 
Chrysoviruses: ACD-CHRYSOVIRUS; Amasya cherry disease asso-
ciated chrysovirus; YP001531163; Fo-CHRYSOVIRUS; Fusarium 
oxysporium chrysovirus; ABQ53134; PcV; Penicillium chrysogenum 
virus; AAM95601; Unclassified viruses: DsV-1; Diplodia scrobicu-
lata RNA virus 1; ABU39825; PgLV-2; Phleobiopsis gigantea 
mycovirus dsRNA 2; CAJ34335 
 
the region of overlap. Similar genomic arrangements have 
been described for several members of the family Totivir-
idae, including Saccharomyces cerevisiae virus L-A (ScV-L-
A), protozoan dsRNA viruses [ 6] and penaeid shrimp 
infectious myonecrosis virus (IMNV) [ 14]. Ribosomal-1 
frameshifting is often associated with a ‘shifty (or slippery) 
heptamer’ motif, XXXYYYZ, where X is A, C, G or U, Y is 
A or U, and Z is A, C or U [ 15]. In PgV-TW2 dsRNA1 and 
dsRNA 2 for ORF2 to be translated as a fusion with ORF1 in 
both cases, frameshifting would have to occur within the 
region of ORF1-ORF2 overlap between nt 5708–5732 and nt 
5066–5090, respectively. In fact the sequence GGGUUUU is 
found at nt 5723–5729 in PgV-TW2 dsRNA 1 and the 
sequence GGAAAAC at nt 5084–5090 in PgV-TW2 dsRNA 
2, both of which qualify as shifty heptamers. Using the 
HPknotter program [ 16] RNA pseudoknots, which assist in 
pausing translating ribosomes, commonly increase the 
frequency of frameshifting and are known to be 
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present in totiviruses e.g. ScV-L-A [ 6,  17], can be predicted 
for both PgV-TW2 dsRNA 1 and dsRNA 2 sequences 
immediately downstream of the shifty heptamers (results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
not shown). Searches in both PgV-TW2 dsRNA 1 and 
dsRNA 2 sequences failed to identify any ‘2A-like’ motifs, 
which are likely involved in ORF1 polyprotein ‘cleavage’ 
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as identified in IMNV [ 18], but these are normally found 
close to the N-terminus of ORF1 which remains to be 
sequenced for both dsRNAs.  
Whether PgV-TW2 dsRNA 1 and dsRNA 2 have other 
similar properties to ScV-L-A and other totiviruses, which 
synthesize capsid protein (CP) from sequence upstream 
and the RdRP from sequence downstream of a translational 
frameshift [ 6,  17], is not known. However BLASTP anal-
ysis of both ORF1 proteins predicted from the sequences 
of PgV-TW2 dsRNA 1 and dsRNA 2 did not reveal any 
significant similarity with the CPs of ScV-L-A, other 
totiviruses, with each other or any other protein. Interest-
ingly, well established protocols for purifying mycovirus 
particles, which included precipitation with polyethylene 
glycol, ultracentrifugation and sucrose gradient ultracen-
trifugation, were attempted for both PgV-TW2 dsRNA1 
and dsRNA2 but only succeeded in purifying dsRNAs and 
not virions, as evidenced by transmission electron 
microscopy and protein gel electrophoresis (results not 
shown), suggesting that both dsRNAs are unencapsidated. 
In the current classification of viruses, unencapsidated 
mycoviruses are placed in either the family Hypoviridae [ 
5] or genus Endornavirus [ 8,  9]. However, the sequences 
of both PgV-TW2 dsRNA 1 and dsRNA showed no simi-
larity to the sequences of hypoviruses or endornaviruses. 
Both putative PgV-TW2 dsRNA 1 and dsRNA 2 ORF1 
proteins contained regions rich in alanine and proline 
residues in the N-terminal region and some known phos-
phorylation sites but their significance is unclear. 
 
The N-terminal regions of the predicted ORF2 and fusion 
proteins of both PgV-TW2 dsRNA 1 and dsRNA 2 contain 
the eight conserved motifs characteristic of RdRP genes of 
dsRNA viruses infecting simple eukaryotes [ 19] (Fig.  1c) 
and homologous sequences retrieved by a BLAST search [ 
20] were used to construct an unrooted phylogenetic tree 
using the neighbour-joining method with a bootstrap of 1000. 
Because sequence identity of the ORF2 regions, predicted 
from the sequence of PgV-TW2 dsRNA 1 and dsRNA 2, with 
other mycovirus RdRP genes was below 40% multiple 
alignments for both were made using the Fast Fourier 
Transform MAFFT program L9INS-1 [ 21], which is the most 
accurate method to use in these circumstances. Sequences 
with bootstrap values above 52% were included in the tree 
and visualised on the web ( http://align.bmr.  kyushu-
u.ac.jp/mafft/online/server/) (Fig.  1d).  
This analysis grouped PgV-TW2 dsRNA1 with the 
basidiomycete Lentinula edodes mycovirus (LeV; 31% 
 
identity; E value; 4e       ) and PgV- TW2 dsRNA 2 with the  
ascomycete Diploidia scrobiculata mycovirus (DsV1; 38%; 
E value; 5e
-99
) [ 22] in clades independent of Toti-viridae 
and Chrysoviridae (Fig.  1d). The RdRP ORFs of PgV-
TW2 dsRNA 1 and dsRNA 2 were also distantly related to 
one another (35% identity; E value; 3e
-08
). 
 
The lengths of the 3
0
 -untranslated regions of PgV-TW2 
dsRNA 1 and dsRNA 2 as determined by the reliable 
RLM-RACE procedure [ 23] were 95 and 47 bp in length, 
respectively, with no polyadenylation and secondary 
structure analyses predicted the presence of stem–loop 
structures in these sequences commonly observed in other 
mycoviruses (data not shown).  
We examined another isolate of the fungus P. gigantea PG 
BU3, obtained in 1999 from Buchan in Scotland and also 
originating from P. sylvestris, which was not debili-tated in its 
growth pattern or biopesticide activity and found that it did 
not contain any dsRNA elements (Fig.  1a, lane B). This 
observation, together with the fact that the P. gigantea TW-2 
isolate does contain dsRNAs and is debilitated is 
uncharacteristic of dsRNAs in the Totiviridae, which do not 
seem to have any obvious phenotypic, hyp-ovirulent effects 
on their host [ 1]. Further analysis will be required to 
determine whether PgV-TW2 dsRNA 1 and dsRNA 2 are 
novel members of the Totiviridae or whether both are 
members of a novel mycovirus family. 
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